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Abstract 
Chapter 1. Sesquiterpene quinones are a prolific class of marine natural products that are 
particularly interesting due to their antibacterial, antiviral, and anti-inhibitory properties.  
Hundreds of these biologically active molecules are based on decalin frameworks, both cis- as 
well as trans-fused, however, significantly less synthetic work has focused on targeting the cis-
fused series of compounds. In this chapter, progress towards an asymmetric, general route to 
various sesquiterpene quinones in the cleordane family of natural products will be described. The 
key steps of the synthesis include a highly convergent and diastereoselective reductive alkylation 
to forge both the requisite cis-ring fusion  well as the all carbon quaternary center, as well as a 
scandium-catalyzed ring expansion of a 6,5-ring system to deliver the decalin core of the 
molecule. Additionally, the chapter includes the development and substrate scope of both 




SYNTHESIS, CHARACTERIZATION, AND CATALYTIC APPLICATIONS 
OF BIS(IMINO)-N-HETEROCYCLIC CARBENE COMPLEXES OF IRON 
 
Hilan Z. Kaplan 
Thesis Advisor: Jeffery A. Byers 
Abstract 
Chapter 2. Iron complexes ligated by bis(imino)pyridine ligands are remarkably active catalysts 
for a vast range of organic transformations including polymerization, hydrogenation, 
hydrosilylation, and hydroboration. Whereas much work has been done to probe the importance 
of the imine-substituents on catalysis, significantly less information is known about the nature of 
the central pyridine donor. To study the effects of a more donating ligand in which the pyridine is 
replaced with an N-heterocyclic carbene, a series of novel ligands and their corresponding iron 
complexes were synthesized and characterized. Whereas imidazole-derived complexes exhibited 
exclusively bidentate binding modes, 4,5,6-trihydropyrimidylidene-based ligands adopted a 
tridentate pincer conformation analogous to complexes of bis(imino)pyridines. Bonding in the 
five-coordinate bis(imino)-N-heterocyclic carbene complex displayed considerably contracted 
iron−ligand bond distances compared to the analogous bis(imino)pyridine iron complex. 
 
  
Chapter 3. The study of physical and electronic structure and bonding in organometallic 
compounds is a critical for understanding and predicting complex behavior and reactivity. Having 
synthesized a completely new type of N-heterocyclic carbene (NHC) ligand and the 
corresponding iron complex, a rigorous study of metal−NHC bonding, magnetism, and redox 
activity in bis(imino)-NHC (or carbenodiimine, CDI) complexes of iron was carried out. A series 
of oxidation and reduction reactions on CDI complexes of iron were performed, enabling access 
to complexes spanning from formally iron(0) to iron (III) oxidation states. A battery of 
spectroscopic and computational methods, including X-ray crystallography, Mössbauer 
spectroscopy, SQUID magnetometry, and EPR spectroscopy established the CDI ligand as a 
redox active chelator. Additionally, a unique iron−carbene interaction was discovered, in which 
the metal center antiferromagnetically couples with the carbon of the NHC.  
 
  
Chapter 4. Intent on developing CDI complexes of iron into practical catalysts for both synthetic 
organic transformations and polymerization, a series of stoichiometric as well as catalytic 
reactions were carried out to evaluate the reactivity profile of the novel complexes. Halide atom 
abstraction generated a new cationic species, which demonstrated different coordination 
chemistry compared to the bis(imino)pyridine analogue. Furthermore, the addition of a hydride or 
alkyl lithium reagent to the parent (CDI)FeCl2 species resulted in interesting and unexpected 
reactivity involving the carbene ligand. Preliminary catalytic hydrogenation experiments 
established (CDI)FeCl2 as a competent catalyst for the reduction of simple alkenes in the presence 
of Na(Hg) as a reductant under 80 psi of hydrogen. Additionally, the dichloride species could be 
readily converted into bis(aryloxide) complexes that were active for the polymerization of lactide 
to produce poly(lactic acid). The polymerization is very controlled (PDI values are < 1.3), and 
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1.1    Introduction  
 
Earth’s biodiverse oceans are a prolific source of small molecule natural products.1 Many 
of these compounds exhibit structural complexity and interesting biological and pharmacological 
activities, with potential applications extending far beyond their original functions in marine 
organisms. Significant attention from the research community has been focused on a class of 
sesquiterpene quinones bearing an avarane carbon skeleton (Figure 1.1) appended to aromatic 
subunits in both the quinol and quinone oxidation states. These molecules exhibit antibacterial, 
antiviral, and anti-inhibitory properties, and the already long list of biological applications 
continues to grow as more molecules in this family are discovered and studied.2,3 




Well over 100 sesquiterpenes bearing avarane or rearranged-avarane frameworks and 
quinone subunits have been reported to date.4 Interestingly, many of these molecules belong to 
one of two diastereomeric subclasses of compounds: those bearing a cis-fused decalin core and 
their trans-fused counterparts (epimers at C-5, avarane numbering). Among the numerous 
molecules in the class, the central decalin unit is highyl conserved, and structural diversity is 
generally limited to the substitution pattern and oxidation about the arene.  Some representative 






Figure 1.2.  Selected sesquiterpene quinones. 
 
1.1.1  Isolation and Biological Activity of (–)-ilimaquinone 
 
(–)-Ilimaquinone (1.1) was first isolated in 1987 by Scheuer and coworkers from the 
marine sponge Hippiospongia metachromia.5,6 Its relative configuration was assigned on the basis 
of single-crystal X-ray diffraction in conjunction with 1H and 13C NMR spectroscopy and 
qualitative tests. Absolute stereochemistry, however, was originally established by circular 
dichroism (CD) measurements. Prompted by the weak magnitude of the CD effect reported by 
Scheuer (Δε298 +0.14), Capon and coworkers later reassigned the absolute stereochemistry of (–)-
ilimaquione (1.1) on the basis of oxidative and degradative studies (Scheme 1.1).7 A three step 
sequence consisting of hydrogen peroxide oxidation, esterification, and acid catalyzed 
rearrangement provided degradation product 1.9. Importantly, ester 1.9 demonstrated an optical 
rotation (ሾߙሿ஽ଶହ = –57.6° (c 0.25, CHCl3)) that was analogous to that of the acid-catalyzed 
degradation product of aureol (1.10) (lit.8 ሾߙሿ஽ଶହ = –48.4° (c 0.40, CHCl3)). Since the absolute 
stereochemistry of aureol had previously been established by single-crystal X-ray diffraction of a 
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bromoacetate derivative,9 Capon’s analogy proves that (–)-ilimaquinone has the same absolute 
configuration.  
Scheme 1.1.  Degradation of (–)-ilimaquinone. 
 
(–)-Ilimaquinone has demonstrated an impressive medicinal profile across a wide range of 
cellular targets. It has been reported to have antimicrobial, anti-HIV,3 anti-tumor, anti-
inflammatory, and even antisecretory10 activities. In addition, further studies have revealed the 
molecule’s ability to protect cells against ricin and diphtheria toxins.11 Fueled by an interest to 
understand how (–)-ilimaquinone affects a reversible breakdown of the Golgi apparatus,10 
Snapper and coworkers completed the first total synthesis of (–)-ilimaquinone in 1995.12 
Extensive in vitro investigation revealed (–)-ilimaquinone’s influence on cellular methylation as a 
key factor in its biological activity.13 As a function of these findings, (–)-ilimaquinone has 
become a popular target for synthetic organic chemists, resulting in three total syntheses to 
date.12,14 
1.1.2 Isolation and Biological Activity of cis-Fused Sesquiterpene Quinones 
 
Considering the potential pharmacologic impact of sesquiterpene quinones15 such as (–)-
ilimaquinone, it is curious that the cis-fused series of natural products has been comparatively 
understudied. Quite often, the C-5 epimers of well-studied trans-fused natural products are 
isolated simultaneously from the same marine sponge extracts as their stereoisomeric 
compliments. For example, Faulkner and coworkers were the first to report (+)-5-epi-
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ilimaquinone (1.2), isolated as a 2:3 mixture with (–)-ilimaquinone (1.1) from a sample of 
Fenestraspongia.6 Such epimeric couples are commonly found in the isolation literature for 
avarane-base metabolites (Figure 1.2). 
A survey of the biological activities of cis-avarane quinones emphasizes the need to 
expand the scope of research directed towards these molecules. To date, most biological assays 
have been focused on their renowned anti-cancer and antibiotic properties;16 (+)-5-epi-
ilimaquinone (1.2) and its amine variants (1.3-1.5) have been shown to inhibit colony formation 
by Chinese hamster V79 cells (EC50 = 0.8-2.3 μmol/mL), simultaneously promoting the 
production of interleukin-8 (IL-8), a key cytokine for tumor progression and metastasis.17 
Interestingly, compounds 1.1-1.4 induced the differentiation of K562 cells into erythroblasts, 
however, only 5-epi-smenospongine (1.5) raised the production of TNF-α in murine leukemia 
cells. In a separate study, 5-epi-ilimaquinone (1.2) as well as 5-epi-isospongorine (1.3) and 5-epi-
isospongidine (1.4) have demonstrated considerable in vitro cytotoxicity (0.6-4.1 μg/mL) against 
A549, HT-29, B16/F10, and P388 cancer cell lines.18 Such valuable medicinal properties 
generally spur an interest in total synthesis, however, synthetic approaches toward many of these 
cis-fused molecules have yet to be communicated. 
Scheme 1.2.  Proposed biosynthesis of popolohuanone E. 
 
On the other hand, the elusive popolohuanone E (1.6) has been the target of multiple failed 
syntheses.19 Popolohuanone E was first isolated by Scheuer and coworkers,20 and exhibits a 
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unique structural framework consisting of a central dibenzofuran-1,4-dione core flanked by two 
cis-avarane moieties. It has been proposed that such an arrangement could be the result of an 
oxidative dimerization of two 6’-hydroxyarenarol (1.11) monomers (Scheme 1.2), despite the fact 
that 6’-hydroxyareanarol has not yet been observed from Nature. Popolohuanone E selectively 
inhibits topoisomerase-II at low concentrations (IC50 = 40 nM) while exhibiting minimal 
cytotoxicity (> 20 μg/mL) towards CV-1 non-tumor monkey kidney and HT-29 human colon 
tumor cells.20 Marginal inhibitory concentrations have been reported (IC50 = 20 μg/mL) with 
respect to P33 murine leukemia cells, however, popolohuanone E (1.6) proved to be impressively 
potent (IC50 = 2.5 μg/mL) against A549 non-small cell lung cancer cell lines. It is particularly 
notable that the inhibitory concentrations of 1.6 in the topoisomerase type-II and A549 assays are 




1.2 Previous Strategies and Syntheses22 
1.2.1 The Wiemer-Scott Total Synthesis of  (±)-Arenarol 
 
The first total synthesis of arenarol was published by Wiemer and Scott in 1995 (Scheme 
1.3).23 Arguably the most elegant approach toward the cis-decalin series of natural products, this 
seminal racemic route has the potential for asymmetric adaptation. Starting with known decalin 
1.12,24 γ-deprotonation and diastereoselective alkylation followed by olefination with Nysted’s 
reagent provided expanded diene 1.14. Reduction of the methyl ester to the primary alcohol set 
the stage for the key double-directed hydrogenation25 that would set both the critical cis-ring 
fusion and the C-8 tertiary stereocenter (avarane numbering). In a splendid display of foresight, 
reaction of 1.15 with Crabtree’s catalyst for 6 days under 1000 psi of hydrogen afforded 
compound 1.16 as a single diastereomer in nearly quantitative yield. Transformation of this 
milestone intermediate to iodide 1.18 was accomplished in four steps via ketal deprotection, 
olefination, alcohol mesylation, and displacement with NaI. Highlighting their previously 
reported method to couple Grignard reagents to neopentyl iodides,26 nickel-catalyzed fusion of 
iodide 1.18 and (2,5-dimethoxyphenyl)magnesium bromide completed the carbon framework of 
arenarol in a workable 50% yield. Concomitant cleavage of both methyl ethers and oxidation to 
the p-quinone with ceric ammonium nitrate afforded natural product arenarone (1.7), which was 
then reduced under mild conditions to the target compound (1.20). 
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Scheme 1.3.  The Wiemer-Scott total synthesis of (±)-arenarol. 
 
 
1.2.2 Terashima’s Total Synthesis of (+)-Arenarol 
 
In studies toward the synthesis of popolohuanone E, Terashima and coworkers reported 
the first asymmetric synthesis of (+)-arenarol in 1997 (Scheme 1.4).27 Chirality is initially 
introduced via the well-established and synthetically popular28 Wieland-Miescher ketone.29 
Chemoselective protection and hydrogenation afforded an inseparable mixture of epimers at C-9 
(α:β = 1:13), which were then converged to the thermodynamically favored 1.23 by treatment 
with NaOMe in MeOH. Reaction of the ketone with potassium cyanide in acetic acid followed by 
dehydration with thionyl chloride resulted in another inseparable pair of products, this time the 
Δ8,9 and Δ7,8 regioisomers (Δ8,9:Δ7,8 = 20:1). Separation of the mixture was accomplished by 
DIBAL reduction of the nitriles to the corresponding aldehydes and subsequent recrystallization. 
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Further reduction and deprotection of the ketone afforded 1.25 as the substrate for the key orther 
ester Claisen rearrangement.  
Heating allylic alcohol 1.25 in the presence of triethyl orthoacetate and hydroquinone did 
provide the desired product (1.27), albeit as a disappointing mixture of diastereomers (1.27:1.26 = 
3:2) at the all-carbon quaternary center and in a 50% combined yield. After reprotection of the 
ketone, another stereospecific transformation was addressed, fortunately, this time with more 
success. After battling low levels of selectivity from heterogenous catalytic hydrogenations, the 
use of Crabtree’s catalyst allowed for an ester-directed reduction to install the C-8 chiral center as 
a single diastereomer. Excision of the ester carbon and installation of the truncated aldehyde was 
then accomplished in three steps by reduction to the alcohol, Grieco elimination,30 and 
ozonolysis. The arene moiety of the molecule was then installed by 1,2 addition of (3,5-
dimethoxyphenyl)lithium to aldehyde 1.32 in a respectable 68% yield. Conversion of the mixture 
of epimeric benzylic alcohols to the corresponding trifluoroacetate ethers and hydrogenolysis 
effected deoxygenation while simultaneously removing the ketal protecting group. Olefination 
intercepted the Wiemer-Scott arenarone precursor, which was transformed to the natural product 
1.20 by the same oxidation/reduction sequence.  
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Scheme 1.4.  Terashima's total synthesis of (+)-arenarol. 
 
1.2.3 Anderson’s Total Synthesis of 6’-hydroxyarenarol 
 
In a series of studies toward popolohuanone E, Terashima and coworkers first 
synthesized 6’-hydroxyarenarol using a strategy analogous to the one just presented (Scheme 
1.4).19a Unfortunately, late stage deprotection challenges hampered the total synthesis of the 
dimeric natural product, and Terashima was forced to publish the synthesis of methyl ether 
protected 8-O-methylpopolohuanone E.   
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In an attempt to avoid Terashima’s unsuccessful use of cross coupling to stitch together 
popolohuanone E’s dibenzofuran-1,4-dione core, Anderson and coworkers developed a strategy 
to directly dimerize unnatural 6’-hydroxyarenarol via a biomimetic oxidative coupling.31 Model 
studies to synthesize dibenzofuran-1,4-diones were published in 2005 and are summarized in 
Scheme 1.5. 
Scheme 1.5.  Biomimetic dimerization model study. 
 
 Optimistic about their findings, the Anderson group went on to develop a novel route to 
optically active 6’-hydroxyarenarol.19b In a relatively unique synthetic strategy towards cis-fused 
decalins, Anderson proposed an intramolecular Hosomi-Sakurai reaction to construct the avarane 
core of the molecule.32 The production of key silyl nucleophile 1.40 is shown in Scheme 1.6. 
Employing pseudoephedrine as a chiral controller, alkylation under standard conditions afforded 
compound 1.37 in good yield and enantioselectivity.33 Elaboration to allylic alcohol 1.39 was 
then accomplished by cleavage of the auxiliary with MeLi followed by treatment of the resulting 
ketone with vinylmagnesium bromide and isomerization of the resulting olefin. After exchanging 
the allylic alcohol for the chloride, 1.39 was treated with trimethylsilyl lithium to install the silane 
and concomitantly remove the benzyl ether. Lastly, conversion of the newly formed primary 
alcohol to the iodide delivered the complex allylic silane (1.40) in 37% yield over eight steps. 
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Scheme 1.6.  Anderson's total synthesis of 6'-hydroxyarenarol. 
 
 With the essential iodide 1.40 in hand, merger with vinyl bromide 1.41 followed by 
removal of the ketal provided Hosami-Sakurai substrate 1.42. Under conditions previously 
reported by Tokoroyama,32 treatment of 1.42 with TiCl4 in the presence of MeSCH2Cl smoothly 
afforded the desired decalin as a single diastereomer in 68% yield. With the four continguous 
stereocenters installed, Raney Nickel desulfurization, protection of the carbonyl, and ozonoylsis 
intercepted Terashima’s aldehyde intermediate (1.32). Reaction of the aldehyde with (2,3,5-
trimethyoxyphenyl)lithium provided benzyl alcohol 1.46 as an inseparable mixture of 
diastereomers (dr = 6:1), nonetheless in excellent yield. The trimethyl ether of the desired 6’-
hydroxyarenarol (1.48) then was accessed by the same three step sequence employed by 
Terashima, only differing by Anderson’s choice in deoxygenation conditions. Treatment of 1.48 
with Ph2PLi only removed the two of the three methyl ethers. However, subjecting the resulting 
monomethyl ether 1.49 to the known oxidation/reduction protocol provided the target compound 
in satisfactory yield. Unfortunately, Anderson’s attempt to dimerize 6’-hydroxyarenarol using his 
previously reported oxidative conditions did not afford any of the natural product, potentially due 











In the context of developing catalytic  ring expansion reactions,34 we sought a complex 
target that could serve as a proving ground for the regiochemical aspects of our method. Initially 
enticed by the unique structure and desirable biological activity of popolohuanone E, we 
proceeded to discover a series of less synthetically demanding, monomeric cis-fused 
sesquiterpene quinones that also exhibited interesting medicinal properties. A concise, 
convergent, and generallized route to 5-epi-ilimaquinone (1.2) and its amine-based variants (1.3-
1.5) utilizing catalytic methylene insertion is outlined in Scheme 1.8. 
 Based on the findings of Theodorakis and coworkers,26d we foresaw access to the amine-
based natural products 1.3-1.5 by substitution of the vinylogous ester of 5-epi-ilimaquinone (1.2) 
with the corresponding amine. Due to the sensitive nature of the quinone moiety, we planned to 
unmask it as late as possible in the synthetic sequence. Conditions developed by Snapper and 
coworkers12 in the seminal synthesis of ilimaquinone seemed appropriate for this task. The 
precursor to 5-epi-ilimaquione (1.50) could come from olefination of cis-decalone 1.51, which we 
envisioned would be the product of regioselective homologation and diastereoselective 
hydrogenation of dihydrotetralone 1.52. The substrate for our key step could be attained from the 
oxidation and olefination of keto-alcohol 1.53, the product of a complexity-building reductive 










1.4 Reductive Alkylation 
1.4.1 Background on Reductive Alkylation 
 
The use of dissolved metal to reduce α,β-unsaturated ketones was first reported by Stork 
and co-workeres in 1960.35 Over the course of the next few years, Stork published multiple papers 
detailing the α-alkylation of enolates generated by lithium-ammonia reduction,36 as well as 
stereochemical rationals to explain the outcome of such transformations.37  With respect to 
decalin carbon frameworks, Stork concluded, “In reduction of an octalone system with lithium in 
ammonia the product will be the more stable of the two isomers (cis or trans) having the newly 
introduced hydrogen axial to the ketone ring.” 35 (Scheme 1.9)  
Scheme 1.9.  Stork's model for diastereoselectivity in lithium-ammonia reductions. 
 
The utility of dissolved metal reduction of decenones has been heavily exploited in total 
synthesis settings.38 Consistent with Stork’s original findings, each example in the literature 
involving a fused 6,6-bicyclic ring system affords the predicted trans-fused product. 
On the other hand, reported reactions involving tetrahydroindenone (6,5-bicyclic) carbon 
frameworks are relatively rare. In designing our approach the cis-fused series of avarane-
quinones, we were only able to track down two examples involving such substrates. In 1994, 
Paquette and coworkers reported the reductive alkylation of enone 1.55 to methylated 1.56 in 
80% yield (  Scheme 1.10).39 The same year, Lhomett and coworkers published a similar finding 
with a tetrasubstituted enone but went one step further by trapping the more hindered enolate to 
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form a gem-dimethylated α-carbon (  Scheme 1.10).40 Although the issue of stereocontrol in the 
enolate alklation is not addressed by either publication, it is notable that both transformations give 
rise to exclusively the cis-fused 5,6-bicyclic product.  
  Scheme 1.10.  Li/NH3 reductions of 6,5-bicyclic enones. 
 
1.4.2 Development of Reductive Alkylation with Tetrahydroindenone (6,5) Substrates 
 
Encouraged by the precedents set by Paquette and Lhomett, we commenced studies on 
the first key step in our total synthesis. With power and convergence, a successful reductive 
alkylation would forge the critical cis-ring juncture and install the congested all-carbon 
quaternary center in a single step, while still allowing for diversification by variation of the 
electrophile (Scheme 1.8). With regard to experimental practicality, however, these complex 
reactions are physically demanding and time consuming. Additionally, previously published 
procedures vary widely with respect to lithium and electrophile stoichiometries, as well as 
temperatures, additives, and times.38  
 Protic additives like methanol, tert-butanol, tert-amyl alcohol and even water have long 
been known to enhance efficiency and yields in dissolved metal reductions,41 presumably by 
acting as a proton source for high energy radical anion or even dianion intermediates. Inspired by 
Snapper’s clever incorporation of an alcohol into his substrate in the total synthesis of (–)-
ilimaquione (Scheme 1.11),12 we decided to follow suit and use a starting material containing 
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both the reactive enone functionality as well as a secondary alcohol as a built-in stoichiometric 
source of proton. Thus, experimentation began with readily accessible 1.54.42  
Scheme 1.11.  Snapper's use of reductive alkylation in the total synthesis of (–)-ilimaquinone. 
 
 Initial attempts to reductively alkylate with methyl iodide provided modest yields that 
were tainted with significant amounts of reduced starting material. We suspected the presence of 
HI could be resulting in enolate protonation,43 thus we focused on benzyl bromide as a more 
representative and potentially acid-free electrophile for model studies. To our delight, we found 
that slow addition (30 min) of enone 1.54 in THF to a solution of excess lithium metal in 
ammonia at –78 oC, followed by warming to –33 oC for one hour, quantitatively reduced the 
substrate. Recooling the reaction mixture to –78 oC, adding the electrophile, and stirring for 3 
hours at cryogenic temperature (–78 oC) afforded the desired product (1.61) as a single 
diastereomer (Scheme 1.12).  Accompanying this promising preliminary result, an X-ray crystal 
structure was secured (Figure 1.3) to unambiguously prove the relative configuration44 of the 
newly formed cis-ring fusion and four contiguous stereogenic centers. The only two byproducts 
isolated by chromatography were tentatively assigned as the regiosomeric O-alkylated benzyl 
ether (1.62) and reduced starting material obtained as a mixture of α-methyl epimers (1.63).  
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Scheme 1.12.  Preliminary reductive alkylation with benzyl bromide. 
 
Figure 1.3 X-ray Structure Proof for 1.61. 
 
 With this benchmark result in place, optimization and exploration of the reaction scope 
using more intricate electrophiles was is order. Dilution of the reaction from 0.42 M to 0.06 M in 
THF promoted solubility of the pendent lithium enolate at cold temperatures. Five equivalents of 
the electrophile proved to be optimum; lower loadings resulted in decreased yields of the desired 
product, while diminishing returns were encountered using greater excess. Similar fine tuning 
was necessary with respect to the amount of freshly cut lithium wire used; too little resulted in 
incomplete conversion, while too much necessitated the use of more electrophile.45 After 
extensive experimentation, it was established that three equivalents of lithium was preferred. We 
also discovered that the  internal temperature during enolate alkylation directly affected the ratio 
of regioisomeric products. Thus, precooling of the electrophile solution and prolonged stirring at 
–78 oC (8-12 hours) after addition provided higher yields of the desired C-alkylated product.  
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Finally, protonation of the intermediate enolate was best avoided by the use of rigorously dried 
reagents, solvent, and glassware. 
 The scope of the optimized protocol for reductive alkylation and its potential applicability 
to the total synthesis of several natural products is demonstrated in Table 1.1. Entry 1 reflects the 
inherent improvement in the isolated yield of 1.61 as a result of the modifications mentioned 
above. Tolerance of ortho-substitution as well as a dramatic improvement in reaction efficiency 
due to increased electrophile activation is highlighted in entry 3.46 High levels of 
diasteroselectivity were also achieved with non-benzylic electrophiles (entry 2), as shown by the 
incorporation of a prenyl group pertinent to the carbon skeleton of clerodane diterpenes.47 
Appending electronegative and reduction-prone halogens had no effect on the reaction (entries 
5,7,9), except in the case of entries 4 and 6. Electronic deactivation of the electrophile in addition 
to the increased steric hindrance about the benzylic position decreased the rate of nucleophilic 
attack, and as a result significantly lowered yields.48 Alleviating both the electronic and steric 
strain imparted by the chlorine, entry 8 confirmed this hypothesis. A solution to this observed 
diminished reactivity, however, was replacing the bromide with an iodide leaving group, and a 
noticeable increase in yield was observed for entries 5 and 7. Counterintuitively, both 4-
methoxybenzyl and benzyl protecting groups survived the reaction conditions (entries 7,9,1049), 
despite their reputation for being labile in dissolved metal.50  
 As an important sign of reaction practicality, the transformation performed consistently 
well on both milligram and multigram scale. Accordingly, nearly identical yields have been 
isolated for reactions ranging between 0.25 mmol and 5 mmol with no modification to the general 
procedure. These results suggest that reductive alkylation of unprotected tetrahydroindenones is a 
functional group-tolerant and reproducible transformation. This method demonstrates utility in 
the installation of three contiguous stereogenic centers relevant the total synthesis of cis-fused 
sesquiterpene quinones or other synthetic targets. 
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1.4.3 Synthesis of Reductive Alkylation Electrophiles 
 
Efficient access to the benzylic electrophiles used in Table 1.1 was a perquisite to our 
optimization of the reductive alkylation. The concise, decagram-scale syntheses of these materials 
are outlined below. 
1.67 and 1.68 were fashioned from commercially available 3,5-dimethoxybenzoic acid 
(Scheme 1.13). Reduction of the acid and electrophilic chlorination afforded 1.78 in 72% yield (2 
steps) after recrystallization. Standard bromination of the benzylic alcohol provided 1.67 that 
could be used without further purification. Further subjection of the unpurified bromide to 
Finkelstein conditions delivered the more potent iodide 1.68 in excellent yield and purity.  
Scheme 1.13.  Synthesis of 1.67 and 1.68 from 3,5-dimethoxybenzoic acid. 
 
The syntheses of electrophiles 1.69, 1.70, and 1.72 were carried out from o-vanillin by a 
similarly straightforward sequence (Scheme 1.14). Protection of the phenol followed by reduction 
of the aldehyde and highly regioselective chlorination with N,N-dichloro-5,5-dimethylhydantoin51 
provided alcohol 1.79 in 68% yield after three steps and only one purification. The sensitivity of 
the 4-methoxybenzyl ether to acidic PBr3 bromination necessitated use of the neutral Appel 
reaction52 which furnished bromide 1.69 in quantitative yield. Further treatment with sodium 
iodide in acetone afforded 1.70, also in quantitative yield. 1.72 was prepared by a parallel set of 
reactions in which chlorination and iodination steps were omitted. Analogously 1.74 was 
accessed from known benzyl ether 1.8053 via the transformations shown in Scheme 1.15. 
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Scheme 1.14.  Synthesis of 1.69, 1.70, and 1.72 from o-vanillin. 
 
 
Scheme 1.15.  Synthesis of 1.74 from known benzyl ether 1.80. 
 
Appropriately oxygenated and commercially available, sesamol was chosen as a suitable 
precursor to 1.76 (Scheme 1.16). After benzyl protection of the phenol, directed lithiation with n-
butyllithium and trapping of the resulting aryl lithium with N,N-dimethylformamide afforded 
benzaldehyde derivative 1.82 in 70% yield after two steps. Reduction of the carbonyl and 
bromination in the presence of catalytic pyridine provided 1.76 in high yield and purity. 
Scheme 1.16.  Synthesis of 1.76 from sesamol. 
 
Satisfied with the efficiency of the reductive alkylation, not to mention the ample supply of 
material moving forward, we next turned our attention to a catalytic method for the regioselective 
ring expansion of complex cyclopentanones – the cornerstone for our strategy to access the cis-
fused avarane core.  
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1.5 Single-Carbon Ring Expansion 
1.5.1 Background and Previous Examples of Ring Expansion Methods 
 
Tiffeneau-Demjanov rearrangement is one of the oldest known methods for the 
homologation of cycloalkanones. Expanding on work done by Demjanov in 1903,54 Tiffeneau 
discovered that treatment of 1-aminomethylcycloalkanols with nitrous acid produced the 
corresponding cycloalkanone homologue.55 Mechanistic studies revealed that reaction of the 
amino alcohol with nitrous acid generates an N-nitroso adduct, which upon dehydration in the 
acidic medium forms the labile diazonium species.56 C−C bond migration concerted with 
displacement of dinitrogen affords the formal ring expanded cyclohexanone product after proton 
transfer (Scheme 1.17). 
     Scheme 1.17.  Mechanism of Tiffeneau-Demjanov rearrangement. 
 
Despite the antiquity of the reaction and the relatively harsh conditions required, the 
Tiffeneau-Demjanov reaction has been utilized to access natural products57 and to make 
homologues of  known compounds.58 Being most effective on small rings (4-7), a popular 
application of the reaction has been the homologation of A and D rings in steroids to produce 
novel biologically active derivatives (Scheme 1.18).58a,c  
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Scheme 1.18.  Tiffeneau-Demjanov ring expansion of 2-methoxy-D-estrone. 
 
Unfortunately, a lack of functional group tolerance and the inconvenience of performing 
multiple steps to access amino alcohol precursors for Tiffeneau-Demjanov rearrangement59 has 
limited its use in complex settings, and often other ring expansion techniques are preferred. 
An alternative, time-proven method for the homologation of ketones is the diazoalkane-
carbonyl homogration. The ambiphilic nature of the diazo functional group has been appreciated 
for well over 100 years,60,61 and its unique zwitterionic structure (1.83, Scheme 1.19) is 
responsible for both its simultaneous nucleophilic and electrophilic behavior. Donor-acceptor 
diazoalkanes have been exploited in numerous synthetic endeavors,62 and are universally 
associated with the addition-rearrangement mechanism common to many ring expansions 
(Scheme 1.19). Originally promoted by Brönsted acids or protic solvents, attack of the 
diazoalkane (1.83) on ketone 1.84 produces a tetrahedral intermediate.  Migration of a carbon-
carbon (C-C) bond and liberation of diatomic nitrogen generates the homologated ketone (1.85). 




The most obvious reagent for the insertion of an unsubstituted methylene into a cyclic 
ketone is diazomethane. However, there are numerous obstacles with respect to its safe 
preparation and handling. A notoriously toxic and explosive gas,63 it was pertinent to find 
alternative methylene surrogates for use in homologation chemistry. In 1980, Shiori and 
coworkers reported the first application of trimethylsilyldiazomethane64,65 (TMSD) in the 
presence of stoichiometric amounts of boron trifluoride etherate to achieve single-carbon 
insertion into cycloalkanones (Scheme 1.20).66 In addition to this contribution, which rendered 
single-carbon ring expansion more safe and practical for routine use,67 Shiori reported higher 
yields (19-80%) compared to analogous reactions with diazomethane. Curiously absent from 
Shiori’s substrate table was the homologation of cyclopentanone, which presumably suffers poor 
yields because of over-homologation.68 
Scheme 1.20.  Shiori's homologation of cyclohexanone with trimethylsilyldiazomethane. 
 
The next major improvement in the field of ring expansion chemistry came in the form of 
new Lewis acidic promoters developed Yamamoto and coworkers.69 The use of organoaluminum 
reagents dramatically improved yields and product distributions compared to previously used 
alcohol or boron-based promoters, and even allowed for the successful ring expansion of 
cyclopentanone (Scheme 1.21). Despite these advances, the method had much room for 
improvement, as superstochiometric quantities of promoter were still required, and yields, often 
mediocre, varied widely with respect to substrate. 
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Scheme 1.21.  Yamamoto's homologation of cyclopentanone with trimethylsilyldiazomethane. 
 
One of the first goals of the Kingsbury group was to develop of a truly catalytic method 
for ring expansion. In 2008, graduate student David C. Moebius discovered that scandium(III) 
salts were uniquely effective Lewis acid catalysts for formal carbon insertion with diazoalkanes.70 
Furthermore, the catalyts exhibited high levels of turnover with loadings as low as 5 mol %. The 
original work focused on the generation of α-tertiary and quaternary centers, with high yields 
communicated across a range of electronically and sterically diverse diazoalkane nucleophiles 
(Scheme 1.22). 
Scheme 1.22.  Kingsbury's seminal use of Sc(OTf)3 to catalyze the homologation of cycloalkanones. 
 
The next major contribution from the Kingsbury group came in the form of 
regioselective, single carbon homologation of cyclobutanones.71 In the first ever use of scandium 
triflate to catalyze reactions with trimethylsilyldiazomethane, Jennifer A. Debrowski found that 
under the mild reaction conditions,72 the isolated product was actually the enol silane of the ring 
expanded substrate. Mechanistically, it was proposed that once the homologation had taken place 
to afford carbosilane 1.86, scandium triflate facilitated a 1,3-Brook rearrangement to the 
corresponding silyl enol ether (1.87) (Scheme 1.23). These findings turned out to be quite 
opportune, as enol silanes are desirable intermediates that are routinely used in synthesis.73 On the 
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other hand, conversion to the ketone is easily accomplished by treatment with dilute aqueous acid 
or tetra-n-butylammonium fluoride (TBAF). Although never addressed directly, Debrowski’s 
work prompted us to believe that Sc(OTf)3 catalysis, in conjunction with 
trimethylsilyldiazomethane, could be an effective solution to the unsolved challenge of efficiently 
homologating five-membered rings.74   
Scheme 1.23.  Mechanism for Sc(OTf)3 catalyzed homologation with trimethylsilyldiazomethane. 
 
1.5.2 Development of Regioselective Single-Carbon Homologation of Cyclopentanones 
 
In order to study and optimize the ring expansion of complex cyclopentanones, we 
selected 2-methyl-2-phenylcyclopentanone (1.88)75 as a model substrate containing a 
representative α-quaternary carbon. Benchmark results were obtained from the reaction of 1.88 
with trimethylsilyldiazomethane according to the optimized procedures of both Yamamoto69 and 
Shiori66 (Table 1.2). The use of trimethylaluminum resulted in minimal conversion to the desired 
compound 1.89, and while boron trifluoride etherate performed surprisingly well for the 
transformation, the need for superstoichiometric amounts of promoter emphasized the need for a 
mild and catalytic method. 
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Table 1.2.  Homologation of complex cylopentanone 1.88 with previous methods. 
 
Unfortunately, attempts to apply Dabrowski’s procedure71 resulted in inconsistent 
reaction outcomes and irreproducible levels of conversion. After an extensive investigation did 
not turn up a culprit for the variations in experimental data, we suspected trace amounts of water 
as a possible detriment to the reaction.76 To probe this, one equivalent of water was intentionally 
added to a mixture of TMSD and 10 mol % Sc(OTf)3 in chloroform-d (Scheme 1.24).77 
Significant decomposition of the diazoalkane was measured by 1H NMR, and in less than 20 
minutes, half of the nucleophile was no longer present in solution (t½ = 19 min at 23 °C).78 With 
concrete evidence for the adverse effect of water on scandium triflate-catalyzed diazoalkane 
insertions, further reactions were set up in a drybox using rigorously dried reagents and 
solvents.79 
Scheme 1.24.  Decomposition of TMSD in the presence of Sc(OTf)3 and H2O. 
 
 Reproducible results enabled us to press forward with reaction optimization. The results 
of a solvent screen are shown in Table 1.3. While diethyl ether provided the highest levels of 
regioselectivity, conversion suffered in ethereal solvents (entries 3 and 4). On the other hand, 
halogenated solvents afforded good regioselectivity (7:1 1.89:1.90) and complete conversion of 
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starting cyclopentanone 1.88 as determined by GC analysis (entries 1 and 6). Interestingly, 
regioselectivity was slightly reduced in toluene (5:1), however, the GC yields were on par with 
those in entries 1 and 6, presumably due to the suppression of minor byproducts.  
Table 1.3.  Cyclopentanone homologation solvent screen.77 
 
Despite the group’s history of success with scandium triflate, a Lewis acid screen also 
seemed appropriate due to the dramatically different reactivity profile exhibited so far by the 
hindered cyclopentanone (1.88) (Table 1.4). Of all the lanthanide salts probed, only scandium 
triflate demonstrated the reactivity required to fully consume all of the starting material within 16 
hours at room temperature (entry 1). Nonetheless, a noteworthy outcome was observed from the 
reaction with ytterbium triflate. In spite of the reaction only reaching 83% conversion, Yb(OTf)3 
catalyzed reaction delivered product enol silane 1.91 with unprecedented levels regioselectivity 
(>50:1, entry 4).  
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Table 1.4.  Cyclopentanone homologation Lewis acid screen.77 
 
Pleased by the performance of Sc(OTf)3 and prudent not to spend excessive time on the 
simple model substrate, we decided to explore the scope of the reaction on a more synthetically 
relevant cyclopentanone. In our route toward cis-fused sesquiterpene quinones (Scheme 1.8), the 
starting material for ring expansion would be a cis-fused tetrahyroindanone (1.46). Thus, the 
structural resemblance of the C-D rings of commercially available80 estrone 3-methyl ether 
(Scheme 1.25) made it an attractive molecule for investigation. After 24 hours in the presence of 
5 mol % Sc(OTf)3 and two equivalents of TMSD in deuterochloroform,81 1H NMR analysis 
indicated complete consumption of estrone 3-methyl ether and a 72% yield of the major enol 
silane 1.93. Desilylation of the crude mixture with TBAF followed by column chromatography 
afforded the desired regioisomer 1.94 in 68% yield (2 steps) as well as the minor regioisomer 
1.95 in 22% yield.  
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Scheme 1.25.  Sc(OTf)3-catalyzed homologation of estrone-3-methyl ether. 
 
 With these satisfying results in hand, we transitioned our focus from model studies to the 





1.6 Synthetic Studies Toward 5-epi-ilimaquinone 
1.6.1 First Generation Synthesis 
 
The forward synthesis commenced with production of the reductive alkylation substrate 
1.54 from triketone 1.96 (Scheme 1.26).82 Conversion of 1.96 to Hajos-Parrish ketone 1.97 was 
carried out according to the protocol of Hagiwara and coworkers.42b Preserving phenylalanine as 
the chiral controller, Hagiwara’s procedure dramatically improved previously reported reaction 
rates83 by employing high power sonication to perform homogenous reactions at high 
concentrations (14 M). Enantioenrichment of 1.97 proved challenging due to the low melting 
point of the dione. However, chemo- and stereoselective reduction and recrystallization provided 
the desired keto-alcohol 1.54 as a single enantiomer as determined by SFC analysis.   
Scheme 1.26.  Synthesis of reductive alkylation substrate 1.54. 
 
Subjection of enone 1.54 to the previously optimized conditions for reductive alkylation 
resulted in smooth coupling to iodide 1.68 to generate 1.53, complete with the critical cis-ring 
fusion and all-carbon quaternary center (Scheme 1.27). Olefination of the α-quaternary carbonyl, 
on the other hand, did not proceed as expected. Precedented Wittig conditions38b did yield an ene-
carbinol, however, rigorous 1H NMR and TOCSY analysis indicated that the sole product of the 
reaction was 1.99 (Scheme 1.27). In an attempt to rationalize such an unexpected byproduct, we 
speculated that a transannular hydride shift across confirmationally rigid intermediate 1.98 would 
effect a formal intramolecular redox process, which could funnel to product 1.99 upon reaction of 
the ylide with the less sterically encumbered cyclopentanone carbonyl. A preference for the boat 
conformation can be rationalized by the presence of two quaternary carbons situated 1,3 about the 
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cyclohexanone. The resulting syn-pentane interactions in both chair conformers lowers the 
relative energy of the boat required for transfer of the hydride into the carbonyl π* orbital. This 
hypothesis was supported by examples from the literature that reported analogous hydride 
migrations in conformationally biased settings.84 
Scheme 1.27.  Reductive alkylation and initial olefination attempt. 
 
We investigated our theory by performing additional experiments to evaluate the 
mechanism of this reaction. Not surprisingly, alternative substitution on the arene does not 
impede the hydride shift and subsequent Wittig olefination, as is evident by the response of 1.77 
to identical reaction conditions (Scheme 1.28). Additionally, single crystal X-ray diffraction of 
1.100 confirmed the structural assignment previously based on NMR experiments. Exclusion of 
the ylide from the reaction afforded a mixture of starting material as well as keto-alcohol 1.101, 
































Even more perplexing was the product formed from the reaction of 1.75 with dimsyl 
sodium and methyltriphenylphosphonium bromide (Scheme 1.29). In addition to hydride 
migration and methylenation, the substrate underwent an additional cyclization to form 
decahydrocyclopentaxanthene 1.102.85 Despite being obtained in a lower yield (60%), 1.102 was 
the only major product detected in the crude reaction mixture. 




















Puzzled by the mechanism for the conversion of 1.75 to 1.102, we decided to acquire more 
concrete mechanistic data. Previous studies on similarly constrained substrates reported that the 
transanular hydride shift was a conformationally allowed intramolecular process; however, no 
publication provided experimental evidence for such claims.84 Thus, a double labeling experiment 
was designed to test for deuterium crossover during the course of the reaction. As seen in Scheme 
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1.30, the reaction of equimolar amounts of 1.75 and its trideuterated counterpart 1.103 could 
hypothetically generate four products. Intermolecular transfer of the hydrogen or deuterium alpha 
to the secondary alcohol would result in adducts 1.105 and 1.106, containing two and one 
deuterium, respectively.86 On the other hand, a purely intramolecular process would generate 
1.102 and 1.104, containing zero and three deuterium atoms, respectively. The distribution of 
products could then be determined by high resolution mass spectrometry. 
Scheme 1.30.  Double deuterium labeling crossover experiment. 
 
The results for the crossover experiment are presented in Figure 1.4. Convinced that the 
process was in fact intramolecular, we expected that there would be no crossover and the two 
products from the reaction would be 1.102 and 1.104. The predicted mass spectrum of a mixture 
of these two compounds is shown in the top portion of Figure 1.4. The experimental spectrum 
below shows negligible deviation from the prediction, thereby confirming an intramolecular 
hydride transfer.  
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Figure 1.4.  Deuterium crossover mass spectra.
 
We reasoned that formation of the alkoxide and donation of an oxygen lone pair into the 
C-H σ* orbital was weakening the carbon-hydrogen bond and promoting migration (Scheme 
1.27). Thus, in an effort to circumvent the problem, we subjected the TBS silyl ether of the 
alcohol (1.107) to the reaction conditions (Scheme 1.31). Hydride shift was completely 
suppressed and the desired exocyclic olefin 1.108 was isolated in quantitative yield. With this 
simple solution in hand, we pressed on with synthetic studies toward the target molecules. 
38 
 
Scheme 1.31.  Protection and olefination of 1.53. 
 
Unexpectedly, setting the C-8 stereocenter proved to be one of the most unpredictable 
and challenging tribulations of the total synthesis. Preliminary attempts to saturate the exocyclic 
olefin of 1.108 and its free alcohol variant were met with poor reactivity and no conversion to the 
desired β-methyl diastereomer.87 We postulated that the adjacent quaternary center and the 
sterically encumbered benzyl substituent was impeding coordination of a large transition metal 
catalyst from the α-face of the molecule. To address this concern, efforts were made to reposition 
the olefin away from the site of congestion. Isomerization with rhodium(III) chloride hydrate88 
and concomitant silyl deprotection afforded 1.109 in quantitative yield (Scheme 1.32). Attempts 
to hydrogenate 1.109 were plagued by the same challenges as 1.108, however trace amounts of 
another saturated compound by 1H NMR led us to believe that double bond isomerization was a 
step in the right direction. Thus, further modification of the reduction substrate was accomplished 
by oxidation of the free alcohol to the ketone (1.52). Formally this was only a change in the order 
of operations from the retrosynthetic plan, as oxidation to the ketone was already going to be 
necessary to access the substrate for the key ring expansion. 




Much to our delight, reduction of 1.52 in the presence of PtO2 and 1 atm of hydrogen not 
only completely converted the starting material, but also provided the desired β-methyl 1.110 as 
the major product (Scheme 1.33). The unoptimized, 2:3 (α:β) mixture of diastereomers was then 
separated, characterized, and crystallized. 



















1 atm H2, CH2Cl2
(98% combined)












Unfortunately, optimization of the reduction would have been in vein as 1.110 failed to 
undergo the proposed ring expansion (Scheme 1.34). In the presence of two equivalents of TMSD 
and 5 mol % Sc(OTf)3 in chloroform-d, no conversion was observed by 1H NMR after 24 hours at 
ambient temperature. Heating the mixture to 50 °C only resulted in slightly accelerated 
decomposition of the diazoalkane and failed to drive productive reaction. Another experiment 
was set up with six equivalents of diazoalkane and was heated to 70 °C; after 24 hours at elevated 
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temperature, decomposition of both TMSD and the substrate were manifested by an extremely 
complex 1H NMR spectrum.  
Scheme 1.34.  Attempted homologations of 1.110. 
 
Upon examination of the X-ray structure of 1.110 (Scheme 1.33), it was clear that the 
cyclopentanone π* was prohibitively hindered towards nucleophilic attack by axially-disposed, 
angular methyl groups on both sides of the molecule. On the other hand, 1.52, prior to reduction, 
contained only one axial methyl group and two sp2 centers in the cyclohexene portion of the 
molecule. Thus, in another reordering of reaction chronology, efforts toward ring expansion were 
carried out on the less sterically encumbered 1.52. A major breakthrough came in the form of a 
triumphant homologation of 1.52 (Scheme 1.35), supporting our claims of detrimental 
conformational effects on reaction success. The key transformation was affected with minimal 
modification to the conditions previously identified for our model study; heating was required for 
convenience with respect to kinetics,89 and chloroform-d was used to facilitate reaction 
monitoring by 1H NMR spectroscopy. After 24 hours at 50 °C, clean and complete conversion 
was observed with a >8:1 regioisomeric ratio favoring the desired enol silane. Protodesilylation in 




Scheme 1.35.  Successful ring expansion of 1.52. 
 
With a high yielding ring expansion in hand, there was little optimization to be 
performed.90 Nonetheless, the regiocontrol for the reaction could be improved, which would 
ultimately boost the reaction yield. We were concerned that switching to the more selective 
Yb(OTf)3 would prohibitively retard reaction rates, so we turned our attention to the nucleophile. 
If the silyl group on the diazoalkane was larger, there would be a greater propensity for the large 
substituent on the carbonyl to be anti to the silyl group in the betaine intermediate, ultimately 
resulting in more selective migration of the smaller carbonyl substituent (Scheme 1.36). 
Increasing the steric demand of the silyl group from trimethylsilyl to 
phenyldimethylsilyldiazomethane (PDMSD), the reaction was run in parallel to the previously 
mentioned homologation. Much to our delight, only regioisomer 1.115 was observed in the crude 




Scheme 1.36.  Ring expansion of 1.52 with PDMSD. 
 
At this stage, it was time to revisit the challenge of setting the C-8 stereocenter. Attempts 
to reduce the olefin of 1.115 to install the corresponding tertiary stereocenter turned out to be 
unexpectedly difficult. While chemoselective reaction of the alkene was possible when 
dihydroindanone 1.52 was employed as a substrate, such was not the case with dihydrotetralone 
1.115. The same heterogeneous hydrogenation catalysts used gave rise to complex mixtures of 
products due to the competitive rates of reduction of the olefin, ketone, and aryl chloride. 
Unfortunately, even when the components of crude reaction mixtures were separated, none of the 
desired 1.51 was detected.  
Scheme 1.37.  Failed hydrogenations of 1.115. 
 
 
These unexpected hardships associated with installing the C-8 stereocenter led us to 
reconsider our synthetic plan. Both key steps, including the novel scandium-catalyzed ring 
expansion, had performed wonderfully, however a new strategy to address the installation of the 




1.6.2 Second Generation Synthesis 
 
Pleased with the experimental success associated with the original synthetic design, it 
seemed logical to preserve the reductive alkylation and homologation reactions in a revised 
retrosynthetic analysis. On the other hand, our failure to install C-8 stereocenter pressed the need 
for an improved approach for the stereoselective construction of the tertiary center. This second 
generation retrosynthetic analysis is shown in Scheme 1.38. 
Scheme 1.38.  Second generation retrosynthesis. 
 
The departure from the previous route invovles repositioning of the oxidation on the 
decorated benzene moiety. An orthogonally protected phenol ortho to the benzylic tether could be 
selectively unmasked to reveal a free phenol. The idea would be to utilize the chelating ability of 
the mildly Lewis basic phenol to direct a cationic hydrogenation catalyst to the α-face of the 
molecule.25  
A directed hydrogenation strategy has proven invaluable in the synthesis of numerous 
natural products,92  including other cis-fused sesquiterpene quinones.23,24 In Terashima’s total 
synthesis of (+)-arenarol, ethyl ester directed reduction of the exocyclic olefin of 1.27 (Scheme 
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1.39) completely turned over diastereoselectivites in non-directed reactions. This example 
highlights the utility and power of modern homogenous catalysis to overcome inherent substrate 
bias in more complex settings. 
Scheme 1.39.  Terashima’s use of directed hydrogenation. 
 
In addition to facilitating facial selectivity in the critical hydrogenation event, the free 
phenol would also serve to temper the conditions that would be required to for late-stage 
oxidation to the quinone.  The first generation route called for ceric ammonium nitrate to be used 
as a potent, single electron oxidant that is capable of directly oxidizing the phenolic methyl ethers 
in aqueous medium. While practical on paper, experimentally this approach is quite harsh, and 
numerous publications report yields that are moderate at best .93  In contrast, a plethora of mild 
oxidants are known for the conversion of free phenols to their corresponding quinones. The use of 
reagents such as Fremy’s salt,94  cobalt(II) salen complexes95, or hypervalent iodine species96 
could dramatically improve the modest yields typically observed for oxidations with ceric 
ammonium nitrate.  
Forward progress commenced on a second generation synthesis designed to tackle the 
adversities of the first approach. Scheme 1.40 beings with 1.75, obtained in 79% yield by 
reductive alkylation. This material was then transformed to silyl ether 1.120 and quantitatively 
methylenated to give alkene 1.121 (85% yield, 2 steps).  Recalling the enhanced reactivity in the 
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first generation synthesis with respect to hydrogenating the trisubstituted versus exocyclic olefin, 
it seemed logical here to diverge the material so that both substrates could be tried in a directed 
reduction. Wittig product 1.121 was deprotected to the free alcohol (1.122) and oxidized with 
Dess-Martin periodinane to deliver the pentanone 1.123.97 
Scheme 1.40.  Second generation forward synthesis from 1.75. 
 
To compliment exocyclic ene-one 1.123, its trisubsituted counterpart 1.118 was accessed 
via the previously optimized series of transformations for isomerization, deprotection, and 
oxidation (Scheme 1.41). Thus, heating 1.121 in the presence of rhodium(III) chloride hydrate 
affected efficient olefin migration along with desilylation. This was followed by smooth 
oxidation to deliver dihydroindanone 1.118. Both steps proceeded in near quantitative yields. 




With another set of homologation substrates in hand, it was again time to assess the 
performance of the group’s own methodology on compounds with elaborate structures and 
diverse functional groups. Results of the second generation ring expansions, which are outlined in 
Scheme  1.42, allow for direct comparison of 1.123 and 1.118. As similar starting materials 
subjected to identical reaction conditions, any alterations in regioselectivity must derive from 
subtle and unpredictable conformational behavior. While both reactions reached full conversion 
in less than 48 hours, both the regioselectivity and isolated yield for exocyclic ene-one 1.123 was 
lower (approx. 7:1 1.125:1.126, 69% isolated yield of 1.125), compared to the 93% isolated yield 
of  desired hexanone 1.127. These numbers track well with the 89% isolated yield previously 
reported for the first generation pentanone homologation (Scheme 1.35), implying a consistent 
reaction that varies as a function of local steric environment. Each of these results were 
reproducible, providing ample quantities of material to press forward to the troubling 
transformation- installation of the elusive C-8 stereocenter. 




Benzyl protection for the phenol was specifically chosen for the various orthogonal and 
functional group tolerant methods known for its removal.50 Specifically, Raney nickel, in the 
absence of an external hydrogen source, has been reported to selectively cleave benzyl ethers in 
the presence of both alkenes and ketones.98 This foresight paid off when the time came to unmask 
the phenol of 1.127, which was accomplished by stirring in a methanolic slurry of Raney nickel 
4200 for ten minutes (Scheme 1.43).99 
         Scheme 1.43.  Raney nickel debenzylation. 
 
With free phenol 1.128 in hand, the stage was set for the critical directed reduction. As 
seen in Table 1.5, the results were far from ideal. Entries 1 and 2 reflect procedures developed by 
Pfaltz100 and Stork,101 respectively, for substrate-directed hydrogenations with Crabtree’s catalyst 
([Ir(cod)(PCy3)(pyr)]+PF6-). Independent of pressure, both reactions completely converted the 
starting alkene, unfortunately only to the undesired α-methyl diastereomer (1.129) as determined 
by X-ray crystallography (Figure 1.5). Hoping a different catalyst could change the selectivity for 
the undesired diastereomer, we employed rhodium complex [Rh(nbd)(diphos-4)]+BF4− in a 
parallel reaction at 750 psi (Entry 3).102 Disappointingly, none of the vital 1.117 was observed, 
rather the crude 1H NMR showed clean conversion exclusively to 1.129. From these initial 
results, it was evident that the free phenol was doing little or nothing to influence the facial bias 
of the hydrogenation with cationic metals.103 In studies toward pectenoxin-2, Paquette and 
coworkers reported using alkoxides as more potent, arguably covalent directors of cationic 
rhodium catalysts.104 Inspired by this solution for generating a more influential, ionic directing 
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group, we treated phenol 1.128 with sodium hydride in THF to generate the phenoxide, which 
was then subjected to hydrogenation (Entry 4). Under the basic reaction conditions, no 
conversion was observed. Interestingly, the same lack of reactivity was observed in conventional 
hydrogenations with heterogeneous Adam’s catalyst and palladium on carbon catalysts (Entries 
5-7). This initial collection of data led us to believe that we were dealing with an extremely 
hindered olefin that had significant bias for reagent attack from the β-face of the molecule.105 




Figure 1.5.  X-ray structure proof for hydrogenation product 1.129. 
 
On the basis of their reputed potency, heterogeneous catalysts and conditions were 
screened with hopes of discovering a starting point for optimization. Table 1.6 exhibits the 
fruitless outcomes of hydrogenations on 1.125. While this screen was by no means extensive, the 
results are indicative of the inherent bias against our desired outcome. Whereas all reactions 
affected hydrogenolysis of the benzyl ether, only entries 2-5 reduced the exocyclic olefin. Entries 
2-4 produced varying amounts of hydrogenated compound 1.129 as well as a potentially 
promising compound that had a similar doublet in the 1H NMR corresponding to the newly 
formed methyl group. Further analysis of the aromatic proton resonances, however, led to the 
tentative assignment of this compound as 1.130.106 Raney nickel reduction (entry 5) produced an 
exceedingly complex mixture of products, many of which still had the alkene intact.   
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Table 1.6.  Heterogeneous hydrogenations of 1.125. 
 
Additional experiments were conducted with palladium on carbon while varying 
solvents, pressures, and temperatures (Table 1.7) This catalyst was chosen as it afforded the 
cleanest reactions with the least amount of reduction of the aryl−chlorine bond. As expected, the 
benzyl protection was efficiently removed in each trial. However, only reaction at high 
temperature and pressure (100 °C, 400 psi) in acetic acid (Entry 2) had any impact on the carbon-
carbon double bond. Needless to say, the aftermath of the forcing conditions resulted in an array 
of products, none of which were identified as 1.117.107 




With a hypothesis that poor reactivity and a seemingly impossible approach of a catalyst 
from the bottom face of the substrate were functions of conformation and local steric 
environments about the olefin, we set out to achieve structural modifications that could alter such 
bias. Ketalization of the carbonyl would not only increase congestion of on the β-face of the 
molecule,108 but also change the hybridization of one the carbons involved in the unavoidable 1,3-
diaxial interactions. The change from an sp2 hybridized ketone to an sp3 hybridized spiroketal 
would presumably have a significant effect on the overall chair-chair equilibrium, and we 
speculated that such a change could possibly provide access to previously disfavored 
conformations. Thus, ketalizations of 1.125 and 1.118 were carried out under standard conditions 
(Scheme 1.44). 
Scheme 1.44.  Ketalization of 1.125 and 1.118. 
 
Table 1.8 and Table 1.9 summarize the results of heterogeneous hydrogenation attempts on 
ketal protected 1.131 and 1.132.109 Although rhodium on alumina (Entries 3-5, Table 1.8) 
exhibited high levels of reactivity, only complex mixtures of compounds including 
dehalogenation products were formed. Additionally, none of the other catalyst systems used for 
hydrogenation of the exocyclic, 1,1-disubstituted alkene substrate provided any detectable 
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amounts of the desired compound (1.133). With respect to the trisubstituted substrate 1.132, none 
of the iterations in Table 1.9 reduced the alkene, possibly confirming the hypothesis that 
ketalization was inhibiting catalyst approach from the top face of the olefin. To summarize a long 
series of hydrogenation studies, not a single catalyst and substrate system provided any detectable 
amounts of the desired β-methyl product. 




Table 1.9. Heterogeneous hydrogenations of 1.131. 
 
Although catalyst controlled asymmetric hydrogenation of alkenes are known, there are 
very few methods currently available for the reduction of all-alkyl substituted olefins. To date, 
Pfaltz and coworkers are credited with the state-of-the-art system for such reductions.110 Although 
Pfaltz has not reported reduction of internal or exocyclic alkenes involved in cyclic settings, the 
use of such a catalyst with a ligand-based chiral controller could potentially overcome the 
inherent substrate preference for catalyst coordination.111  
Without completely abandoning hydrogenation as a means to establish the C-8 tertiary 
chiral center, preliminary forays into stepwise workarounds were also considered(Scheme 1.45). 
Disappointingly, none of these alternative routes from either olefin isomer resulted in formal 
reduction of the alkene. The success of a chiral hydrogenation catalyst would be a testament to 
the utility of asymmetric catalysis in modern organic synthesis, and as such, it is still a one of the 
best options to overcome such a challenging obstacle. Studies to complete the first total synthesis 
of 5-epi-ilimaquinone and the related sesquiterpene quinone natural products are still underway in 
the Kingsbury research group.  
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The breadth of marine metabolites found in Nature and their potential for applications in 
medicine and pharmacology has rendered this tremendous class of compounds significant to 
chemists and biologists alike. In particular, the antibiotic and anti-tumor properties of natural 
products bearing a cis-fused avarane core (Figure 1.2) have made them compelling targets for 
total synthesis.  
In an attempt to demonstrate the utility of our recently developed, catalytic method for the 
single carbon ring expansion of cycloalkanones, we proposed a general route to 5-epi-
ilimaquinone and other biologically active cis-fused sesquiterpene quinones. Our stereospecific 
approach would be concise, featuring a novel Birch reductive alkylation that would set both the 
all-carbon quaternary center and the cis ring fusion in one convergent step, as well as a mild 
homologation of a complex cyclopentanones. Early methodological studies showed the Birch 
alkylation to be an efficient means to build up complexity quickly, tolerating a range of well 
decorated electrophiles containing various functional groups and protections. Good yields and 
nearly perfect diastereoselectivities make the reaction ideal for use in total synthesis and the 
construction of other structurally intricate molecules. 
Additionally, the first truly catalytic method for single carbon ring expansion of 
cyclopentanones has been developed. Under a general set of conditions, both simple and 
elaborate cyclopentanones convert to their homologues by way of isolable enol silane 
intermediates. Using a standard protocol, good yields and regioisomeric ratios (upwards of 93% 
yield, >8:1 rr) across a range of substrates can be obtained, and only a single conformationally 
hindered compound failed to undergo reaction under the optimized conditions. Hopefully, the 
utility and practicality of this updated catalytic process will find widespread application within 
the synthetic community. 
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 Despite the successful execution of these two key reactions in an approach toward 5-epi-
ilimaquinone, unforeseen challenges to install the C-8 stereogenic center thwarted completion of 
the total synthesis. Numerous hydrogenation attempts and stepwise workarounds failed to deliver 
any of the desired β-methyl diastereomer. Still, the prospect of a catalyst controlled, asymmetric 
reaction is encouraging. Studies to access the target molecules are still underway.  
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1.8     Experimental 
1.8.1 General Considerations 
  
Unless stated otherwise, all reactions were carried out in flame-dried glassware under an 
atmosphere of argon passed through a tower of finely powdered Drierite® in dry, degassed 
solvent with standard Schlenk or vacuum-line techniques. Particularly air-sensitive manipulations 
were performed in an MBraun Unilab nitrogen atmosphere glove box. Flash column 
chromatography was performed according to the procedure of Still et al.112 with ZEOPrep 60 Eco 
40-63 μm silica gel. Analytical thin-layer chromatography (TLC) was performed using 0.25 mm 
silica gel 60 F254 plates purchased from EMD Chemicals. TLC plates were visualized by 
exposure to ultraviolet light and/or exposure to ceric ammonium molybdate, p-anisaldehyde, or 
potassium permanganate stains. Preparative thin layer chromatography was performed on 500 
micron (20 x 20 cm) Analtech silica gel GF plates.  
1.8.2 Materials 
 
Tetrahydrofuran (THF), dichloromethane (CH2Cl2), diethyl ether (Et2O), benzene, 
acetonitrile (CH3CN), and N,N-dimethylformamide (DMF) were dispensed under UHP argon 
from a Glass Contour solvent purification system custom manufactured by SG Waters, LLC 
(Nashua, NC). Pyridine, phosphorus tribromide (PBr3), N-chlorosuccinimide (NCS), sodium 
iodide (NaI), methyltriphenylphosphonium bromide (Ph3PCH3Br), boron trifluoride etherate 
(BF3•OEt2), dimethyl sulfoxide (DMSO), trimethylaluminum (AlMe3), methanol,  tert-
butyldimethylsilyl triuoromethanesulfonate (TBSOTf), tert-butyldimethylsilyl chloride (TBSCl),   
triethylamine (Et3N), imidazole, D-phenylalanine (D-Phe), pyridinium p-toluenesulfonate 
(PPTS), deuterochloroform (CDCl3), carbon tetrachloride (CCl4), 4-methoxybenzyl chloride 
(PMB-Cl), benzyl bromide, ethylene glycol, 1,3-dichloro-5,5-dimethylhydantoin, and acetone 
were purified and dried according to Purification of Laboratory Chemicals by Armarego and 
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Chai, 5th edition. Estrone 3-methyl ether, potassium carbonate (K2CO3), sesamol, 3,5-
dimethoxybenzoic acid, n-butyllithium (n-BuLi) in hexanes, sodium borohydride (NaBH4), 
lithium aluminum hydride (LiAlH4), lithium aluminum deuteride (LiAlD4), sodium borodeuteride 
(NaBD4),  sodium hydride (NaH), ethanol (EtOH), chloroform (CHCl3), sodium chlorite 
(NaClO2), pyridinium chlorochromate (PCC), platinum(IV)oxide (PtO2), 10% wt/wt palladium on 
carbon (Pd/C), Raney Nickel 4200, lithium wire, sodium chunks, tetra-n-butylammonium fluoride 
hydrate (TBAF•xH2O), dimethoxy ethane (DME), diglyme, acetic acid (HOAc), para-
toluenesulfonic acid hydrate (p-TsOH•H2O), hydrogen peroxide in water (30%  wt/wt), and 
Celite® 545 were purchased from Sigma-Aldrich and used without further purification. Sodium 
chloride (NaCl), ammonium chloride (NH4Cl), sodium bicarbonate (NaHCO3), potassium 
carbonate (K2CO3), sodium hydroxide (NaOH), sodium sulfate (Na2SO4), sodium thiosulfate 
(Na2S2O3), sodium dihydrogen phosphate (NaH2PO4),  and magnesium sulfate (MgSO4) were 
purchased from Fisher Scientific and used without further purification.        
(1,5-cyclooctadiene)(pyridine)(tricyclohexylphospine)iridium(I)hexaflurophosphate (Crabtree’s 
catalyst),  and 
1,4-bis(diphenylphosphino)butane(norbornadiene)rhodium(I)tetrafluoroborate (Schrock-Osborn 
catalyst) were purchased from Strem Chemicals, Inc. and used without further purification. 
Methyltriphenylphosphonium iodide was prepared from triphenylphosphine (Aldrich), and 
methyl iodide (Aldrich) by stirring in benzene for 2 hours, filtering, washing with hexanes, and 
drying over P2O5 before use. Molecular sieves (3Å, 4-8 mesh) were purchased from Aldrich and 
activated by drying under vacuum (approx. 30 mm Hg) at 250 °C for at least 6 hours prior to use. 
Rhodium chloride hydrate (RhCl3•H2O) was purchased from Pressure Chemical Co. and used 
without further purification. Anhydrous ammonia was purchased from Airgas Inc. and distilled 
from sodium metal prior to use. Dess-Martin Periodinane was prepared according to the reported 
literature procedure113. Scandium triflate (Sc(OTf)3) (99%) was purchased from Sigma-Aldrich, 
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finely powdered, and then dried at 200 °C over P2O5 for 24 hours under high vacuum (0.1 mm 
Hg). The dried scandium triflate was taken into a dry box using rigorous Schlenk techniques.114 
Trimethylsilyldiazomethane (TMSD) and phenyldimethylsilyldiazomethane (PDMSD) were 
prepared according to the reported literature procedure115 and were stored over 3Å molecular 
sieves at -40 °C in a drybox. Note: TMSD is both non-explosive and non-mutagenic, however it 
is extremely toxic and should be handled with the appropriate precautions. 
1.8.3 Instrumentation 
 
Infrared spectra were recorded on a Bruker Alpha-p spectrometer. Bands are reported as 
strong (s), medium (m), weak (w), broad strong (bs), broad medium (bm), and broad weak (bw). 
Optical rotation data were recorded on a Rudolph research Autopol IV automatic polarimeter and 
is reported as the average of five readings. Melting points were recorded on a Digimelt MPA160 
SRS and are uncorrected. Sonication was performed with a Misonix® Sonicator 3000 equipped 
with a Laude external circulator. 1H NMR spectra were recorded on a Varian VNMRS (500 
MHz), INOVA (500 MHz), or VNMRS (400 MHz) spectrometer. Chemical shifts are reported in 
ppm from tetramethylsilane with the solvent resonance as the internal standard (CHCl3: δ 7.26). 
Data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, dd = doublet of 
doublets, ddd = doublet of doublet of doublets, dddd = doublet of doublet of doublet of doublets, t 
= triplet), coupling constants (Hz), and integration. 13C NMR spectra were recorded on a Varian 
VNMRS (125 MHz), INOVA (125 MHz), or VNMRS (100 MHz) spectrometer with complete 
proton decoupling. Chemical shifts are reported in ppm from tetramethylsilane with the solvent as 
the internal reference (CDCl3: δ 77.16). High-resolution mass spectra were obtained at the Boston 
College Mass Spectrometry Facility. 
Selected single crystals suitable for X-ray crystallographic analysis were used for structural 
determination. The X-ray intensity data were measured at 100(2) K (Oxford Cryostream 700) on 
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a Bruker Kappa APEX Duo diffractometer system equipped with a sealed Mo-target X-ray tube 
( = 0.71073 Å) and a high brightness IS copper source ( = 1.54178 Å). The crystals were 
mounted on a goniometer head with paratone oil. The detector was placed at a distance of 6.000 
cm from the crystal. For each experiment, data collection strategy was determined by APEX 
software package and all frames were collected with a scan width of 0.5° in  and  with an 
exposure time of 10 or 20 s/frame.  
The frames were integrated with the Bruker SAINT Software package using a narrow- 
frame integration algorithm to a maximum 2 angle of 56.54° (0.75 Å resolution) for Mo data 
and 136.50° (0.83 Å resolution) for Cu data. The final cell constants are based upon the 
refinement of the XYZ-centroids of several thousand reflections above 20 (I). Analysis of the 
data showed negligible decay during data collection. Data were corrected for absorption effects 
using the empirical method (SADABS). The structures were solved and refined by full-matrix 
least squares procedures on F2 using the Bruker SHELXTL (version 6.12) software package. 
All hydrogen atoms were included in idealized positions for structure factor calculations except 
for those forming hydrogen bonds or on a chiral center. Anisotropic displacement parameters 
were assigned to all non-hydrogen atoms, except those disordered. 
1.8.4 Experimental Procedures 
 
General procedure for Birch reductive alkylation. A flame-dried, 2-neck, 25 mL round bottom 
flask equipped with a cold finger condenser, septum, and a magnetic stir bar was charged with 
lithium wire (5.8 mg, 0.831 mmol, 3.0 equiv), and the entire apparatus was flame-dried again. 
After backfilling with argon, the apparatus was cooled to –78 °C, and ammonia (3.6 mL) was 
freshly distilled from sodium metal into the reaction flask, dissolving the lithium wire and 
forming a deep blue solution. A solution of enone 1.54 (50.0 mg, 0.277 mmol, 1.0 equiv) in 2.0 
mL of THF was then added to the dissolved metal solution over 30 minutes via syringe pump. 
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Upon completion of the addition, the reaction mixture was warmed to –25 °C and stirred at this 
temperature for 1 hour. The solution was then re-cooled to –78 °C and diluted with 1.2 mL of 
THF. In a separate flask, a solution of the electrophile (1.39 mmol, 5.0 equiv) in 1.6 mL THF was 
pre-cooled to –78 °C and then added as rapidly as possible to the blue solution via syringe. 
Almost immediately, the deep blue color bleached to white, and stirring was continued at –
78 °C for 8 hours. The reaction mixture was then warmed slowly to room temperature, and the 
ammonia was allowed to evaporate from the reaction mixture. During this time, pressure 
generated from the vaporization of ammonia was liberated through an exit needle or through an 
external bubbler. The basic solution was acidified by the addition of 20 mL of saturated aqueous 
NH4Cl. The mixture was poured into a separatory funnel, and the product was extracted with 
Et2O (3 x 20 mL). The combined organics were washed with H2O (15 mL), saturated aqueous 
NaCl (15 mL), dried over Na2SO4, filtered, and concentrated to afford the crude product. 
Purification was carried out by flash column chromatography according to the conditions 
specified for each derivative. Note: This reaction must be carried out under an atmosphere of 
argon gas, as the use of diatomic nitrogen (N2) results in reaction with lithium metal to form 
considerable amounts of lithium nitride (Li3N). 
trisubstituted ene-one (1.52). Alcohol 1.109 (610 mg, 1.67 mmol, 1.0 
equiv) and Celite® 545 (720 mg) were weighed into a 25 mL round 
bottom flask equipped with a magnetic stirbar and suspended in 8.4 mL of 
CH2Cl2. PCC (721 mg, 3.34 mmol, 2.0 equiv) was then added as a solid, 
causing a black discoloration, and the mixture was stirred at room 
temperature for 2 hours. The reaction mixture was diluted with 50 mL of Et2O, filtered through 
Celite® 545 on a sintered glass frit, and concentrated. The crude residue was purified by flash 
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column chromatography (25% Et2O in pentanes) to afford the desired product 1.52 as a white 
solid (561 mg, 92.6%), mp 130-135 °C. 
ሾߙሿ஽ଶ଴ = –99.36 (c 1.68, CHCl3); Rf = 0.29 (20% Et2O in pentane); 1H NMR (CDCl3, 500 
MHz) δ 6.41 (d, J = 2.7 Hz, 1H), 6.40 (d, J = 2.7 Hz, 1H), 5.51-5.47 (m, 1H), 3.88 (s, 3H), 3.76 
(s, 3H), 3.24 (d, J = 13.2 Hz, 1H), 2.80 (d, J = 13.2 Hz, 1H), 2.35-2.25 (m, 2H), 2.25-2.15 (m, 
2H), 1.99-1.91 (m, 2H), 1.54-1.52 (m, 3H), 1.41-1.32 (m, 4H), 1.03 (s, 3H); 13C NMR (CDCl3, 
125 MHz) δ 223.25, 158.10, 155.82, 139.81, 138.97, 120.87, 116.05, 108.61, 97.88, 56.30, 55.54, 
53.45, 47.24, 42.34, 40.94, 36.15, 31.39, 26.91, 23.98, 21.51, 21.27; IR (neat) 2964 (m), 2937 
(m), 2839 (w), 1737 (s), 1590 (s), 1455 (s), 1330 (m), 1205 (m), 1163 (s), 1086 (m), 1036 (m) cm-
1; HRMS (ESI+) Calcd. for C21H28ClO3 [M+H]+: 363.1727; Found 363.1726. 
 
keto-alcohol (1.53). Carried out according to the general procedure for 
Birch reductive alkylation with enone 1.54 (56.2 mg, 0.312 mmol, 1.0 
equiv) and iodide 1.68 (488 mg, 1.56 mmol, 5.0 equiv). The electrophile 
was not pre-cooled, however, due to a lack of solubility below room 
temperature. Purification by flash column chromatography (50% ethyl 
acetate in hexanes) afforded the desired product 1.53 as a white solid (92.6 mg, 80.9%), mp 165-
168 °C. 
ሾߙሿ஽ଶ଴ = –27.64 (c 1.13, CHCl3); Rf = 0.33 (60% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 
MHz) δ 6.37 (d, J = 2.7 Hz, 1H), 6.15 (d, J = 2.7 Hz, 1H), 3.86-3.79 (m, 4H), 3.74 (s, 3H), 3.51 
(d, J = 13.9 Hz, 1H), 3.0 (d, J = 13.9 Hz, 1H), 2.87 (ddd, J = 15.2, 9.3, 5.6 Hz, 1H), 2.38-2.30 (m, 
1H), 2.22 (ddd, J = 11.0, 8.3, 0 Hz, 1H), 2.07-1.99 (m, 1H), 1.97-1.76 (m, 3H), 1.34 (s, 3H), 1.17 
(dddd, J = 9.3, 9.3, 9.3, 9.3 Hz, 1H), 0.90 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 215.37, 158.20, 
155.88, 137.45, 115.56, 107.95, 98.29, 81.39, 56.29, 55.79, 55.55, 52.32, 42.94, 41.50, 35.43, 
32.59, 31.43, 26.82, 23.71, 19.71; IR (neat) 3448 (bm), 2958 (bm), 2878 (m), 1697 (s), 1590 (s), 
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1455 (s), 1330 (s), 1203 (s), 1163 (s), 1084 (m), 979 (m), 753 (m) cm-1; HRMS (ESI+) Calcd. For 
C20H28ClO4 [M+H]+: 367.1676; Found 367.1684. 
Hajos-Parrish keto-alcohol (1.54). Hajos-Parrish ketone 1.97 (3.49 g, 19.6 
mmol, 1.0 equiv) was dissolved in 70 mL of EtOH, and the resulting 
homogeneous solution was cooled to –25 °C. Sodium borohydride (0.233 g, 6.16 
mmol, 0.31 equiv) was added as a solid, and the mixture was closely monitored 
by TLC. After 20 minutes, the reaction was judged to be complete, so it was quenched by the 
addition of saturated aqueous NaCl (30 mL) and H2O (20 mL). The reaction mixture was poured 
into a separatory funnel and the product was extracted with Et2O (3 x 50 mL). The combined 
organics were washed with saturated aqueous NaCl (50 mL), dried over Na2SO4, filtered, and 
concentrated. Purification by flash column chromatography (85% Et2O in pentane) afforded the 
desired product as a white solid (3.34 g, 94.5%). Enantioenrichment was achieved by 
recrystallization from hot Et2O and hexanes (approx. 3:1 v/v) to afford the optically pure 
product 1.54 (2.14 g, 60.6%) with 99% ee (AS-H, 50 °C, 150 psi, 3.0 mL/min, 3% MeOH, λ = 
220 nm; tR = 16.27 min (major), 18.03 min (minor)).  
Rf = 0.38 (60% ethyl acetate in hexanes);  1H NMR (CDCl3, 500 MHz) δ 3.83 (ddd, J = 13.2, 7.3, 
5.9 Hz, 1H), 2.62-2.52 (m, 2H), 2.46-2.36 (m, 2H), 2.19-2.11 (m, 1H), 2.07 (ddd, J = 12.7, 5.4, 
2.0 Hz, 1H), 1.88-1.74 (m, 2H), 1.66 (dd, J = 1.2 Hz, 3H), 1.32 (s, 3H);  13C NMR (CDCl3, 125 
MHz) δ 198.96, 168.10, 129.09, 81.05, 45.15, 34.11, 33.41, 29.60, 25.76, 15.34, 10.80; HRMS 
(ESI+) Calcd. for C11H17O2 [M+H]+: 181.1229; Found 181.1220. 
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SFC Trace for Hajos-Parrish Keto-Alcohol 1.54. 
 
 
keto-alcohol (1.61). Carried out according to the general procedure for Birch 
reductive alkylation with enone 1.54 (50.0 mg, 0.277 mmol, 1.0 equiv) and 
benzyl bromide (165 μL, 1.39 mmol, 5.0 equiv). Purification by flash column 
chromatography (45% ethyl acetate in hexanes) afforded the desired 
product 1.61 as a white solid (52.6 mg, 69.7%), mp 117-120 °C. X-ray 
quality single crystals were obtained by crystallization from hot ethyl acetate and hexanes 
(approx. 1:2 v/v). 
ሾߙሿ஽ଶ଴ = –1.49 (c 1.08, CHCl3); Rf = 0.45 (45% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 
MHz) δ 7.26-7.17 (m, 3H), 7.03-7.00 (m, 2H), 3.84-3.79 (m, 1H), 3.28 (d, J = 13.7 Hz, 1H), 2.82-
2.73 (m, 2H), 2.35 (ddd, J = 16.4, 6.4, 5.4Hz, 1H), 2.18 (ddd, J = 10.7, 8.5, 0 Hz, 1H), 2.07-2.00 
(m, 1H), 1.90-1.76 (m, 3H), 1.56-1.46 (m, 2H), 1.35 (s, 3H), 1.28-1.15 (m, 1H), 0.89 (s, 3H); 13C 
NMR (CDCl3, 125 MHz) δ 215.93, 137.47, 130.20, 128.18, 126.64, 81.55, 53.45, 52.34, 44.54, 
43.21, 35.57, 32.42, 31.21, 26.41, 23.52, 20.73; IR (neat) 3473 (bm), 2959 (m), 2871 (m), 1701 
(s), 1452 (m), 1090 (w), 979 (w), 753 (m), 701 (m) cm -1; HRMS (ESI+) Calcd. for 




keto-alcohol (1.64). Carried out according to the general procedure for 
Birch reductive alkylation with racemic enone 1.54 (100.0 mg, 0.555 mmol, 
1.0 equiv) and prenyl bromide (330 μL, 2.78 mmol, 5.0 equiv). Purification 
by flash column chromatography (40% ethyl acetate in hexanes) afforded 
the desired product 1.64 as a colorless oil (105.7 mg, 76.0%). The recovered 
product was a 14:1 mixture with another unidentified byproduct as determined by 1H NMR. 
Analytically pure material was obtained by collecting the later eluting fractions separately. Rf = 
0.35 (40% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 5.02-4.96 (m, 1H), 3.75 
(ddd, J =5.4, 5.4, 5.4 Hz, 1H), 2.65-2.57 (m, 1H), 2.49 (ddd, J = 14.7, 7.3, 0 Hz, 1H), 2.27, 2.14 
(m, 3H), 2.06-1.98 (m, 1H), 1.86 (dddd, J = 16.4, 8.3, 8.3, 2.4 Hz, 1H), 1.74-1.68 (m, 5H), 1.60 
(s, 3H), 1.53-1.45 (m, 2H), 1.30 (s, 3H), 1.20-1.12 (m, 1H), 0.95 (s, 3H); 13C NMR (CDCl3, 125 
MHz) δ 216.67, 134.44, 119.20, 81.70, 52.69, 51.60, 43.16, 36.74, 35.06, 32.38, 31.24, 26.82, 
26.12, 23.24, 20.62, 18.21; IR (neat) 2441 (bm), 2961 (m),2928 (m), 2872 (m), 1699 (s), 1451 
(m), 1376 (m), 1052 (w), 978 (w) cm -1; HRMS (ESI+) Calcd. for C16H27O2 [M+H]+: 251.2011; 
Found 251.2014. 
 
2-(iodomethyl)-1,4-dimethoxybenzene (1.65). To a solution of 2-
(bromomethyl)-1,4-dimethoxybenzene116 (1.18 g, 5.09 mmol, 1.0 equiv) in 
8.5 mL of acetone at room temperature, NaI (1.53 g, 10.2 mmol, 2.0 equiv) 
was added as a solid. The resulting suspension was stirred for 12 hours in 
the dark. The mixture was filtered through Celite® 545, rinsing with ethyl acetate (3 x 5 mL 
portions), and the filtrate was concentrated. The resulting residue was dissolved in 20 mL of 
CH2Cl2, poured into 50% aqueous Na2S2O3 (15 mL), and the product was extracted with 
CH2Cl2 (4 x 15 mL). The combined organics were dried over Na2SO4, filtered, and concentrated 
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to afford the desired product 1.65 as a yellow solid that was used without further purification 
(1.39 g, 97.8%), mp 62-64 °C (decomp.).  
1H NMR (CDCl3, 500 MHz) δ 6.86 (d, J = 2.9 Hz, 1H), 6.80-6.74 (m, 2H), 4.45 (s, 2H), 3.86 (s, 
3H), 3.76 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 153.44, 151.49, 128.38, 115.73, 114.57, 
112.24, 56.10, 55.85, 1.30; IR (neat) 3040 (w), 2942 (w), 2831 (w), 1498 (s), 1462 (m), 1223 (s), 
1154 (m), 1040 (s), 800 (m), 700 (m), 507 (bm) cm-1; HRMS (ESI+) Calcd. for 
C9H12IO2 [M+H]+: 278.9882; Found 278.9882. 
 
keto-alcohol (1.66). Carried out according to the general procedure for 
Birch reductive alkylation with enone  1.54 (50.0 mg, 0.277 mmol, 1.0 
equiv) and iodide 1.65 (540 mg, 1.94 mmol, 7.0 equiv). The electrophile 
was not pre-cooled, however, due to a lack of solubility below room 
temperature. Purification by flash column chromatography (50% ethyl 
acetate in hexanes) afforded the desired product 1.66 as a white solid (71.6 mg, 77.8%), mp 104-
106 °C. 
ሾߙሿ஽ଶ଴ = –20.195 (c 1.72, CHCl3); Rf = 0.38 (60% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 
MHz) δ 6.72-6.66 (m, 2H), 6.58 (d, J = 3.2 Hz, 1H), 3.81 (dd, J = 12.3, 6.1 Hz, 1H), 3.73 (s, 3H), 
3.70 (d, J = 13.4 Hz, 1H), 3.64 (s, 3H), 2.87 (ddd, J = 16.7, 8.3, 5.4 Hz, 1H), 2.38 (d, J = 13.4 Hz, 
1H), 2.22 (ddd, J = 16.6, 8.5, 5.4 Hz, 1H), 2.12 (ddd, J = 12.0, 8.3, 0 Hz, 1H), 2.04-1.95 (m, 2H), 
1.85 (dddd, J = 15.6, 7.8, 7.8, 2.0 Hz, 1H), 1.79-1.71 (m, 2H), 1.52-1.43 (m, 1H), 1.35 (s, 3H), 
1.15-1.04 (m, 1H), 0.84 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 214.67, 152.94, 151.76, 127.03, 
119.08, 111.84, 110.80, 81.20, 56.17, 55.75, 55.06, 51.77, 42.58, 40.48, 35.23, 32.21, 31.40, 
27.26, 24.09, 20.33; IR (neat) 3449 (bm), 2956 (m), 1699 (s), 1501 (s), 1464 (m), 1224 (s), 1049 





2-chloro-1-(iodomethyl)-3,5-dimethoxybenzene (1.68). To a solution of 
benzyl bromide 1.S3 (502 mg, 1.89 mmol, 1.0 equiv) in 3.2 mL of acetone 
at room temperature, NaI (566 mg, 3.78 mmol, 2.0 equiv) was added as a 
solid. The resulting suspension was stirred for 12 hours in the dark. The 
reaction mixture was poured into 50% aqueous Na2S2O3 (15 mL), and the product was extracted 
with Et2O (3 x 15 mL). The combined organics were washed with saturated aqueous NaCl (15 
mL), dried over Na2SO4, filtered, and concentrated to afford the desired product 1.68 as a white 
solid that was used without further purification (539 mg, 91.3%), mp 127-129 °C. 
Rf = 0.37 (15% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 6.54 (d, J = 2.7 Hz, 1H), 
6.44 (d, J = 2.7 Hz, 1H), 4.50 (s, 2H), 3.87 (s, 3H), 3.80 (s, 3H); 13C NMR (CDCl3, 125 
MHz) δ 158.87, 156.39, 138.31, 114.16, 105.99, 99.86, 56.41, 55.72, 3.05; IR (neat) 3058 (w), 
2939 (w), 1586 (s), 1469 (s), 1418 (m), 1332 (s), 1204 (s), 1156 (s), 1076 (s), 1030 (m), 951 (m), 




(1.69). Alcohol 1.79 (623 mg, 2.02 mmol, 1.0 equiv) and CBr4 (872 mg, 
2.64 mmol, 1.3 equiv) were weighed into a 25 mL round bottom flask 
equipped with a magnetic stirbar and dissolved in 4.0 mL of THF. The 
solution was cooled to 0 °C, and PPh3 (689 mg, 2.63 mmol, 1.3 equiv) was added as a solid. The 
reaction mixture was then warmed to room temperature, and after 10 minutes diluted with water 
(20 mL), poured into a separatory funnel, and the product was extracted with CH2Cl2 (3 x 20 
mL). The combined organics were dried over Na2SO4, filtered, and concentrated. Purification by 
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flash column chromatography (20% Et2O in pentane) afforded the product 1.72 as a white solid 
(785 mg, quantitative), mp 80-84 °C. 
Rf = 0.52 (33% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 7.45 (d, J = 8.6 Hz, 2H), 
7.11 (d, J = 8.8 Hz, 1H), 6.93 (d, J = 8.6 Hz, 2H), 6.86 (d, J = 8.8 Hz, 1H), 5.10 (s, 2H), 4.63 (s, 
2H), 3.89 (s, 3H), 3.83 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 159.83, 151.94, 147.41, 130.54, 
130.37, 129.42, 126.30, 124.96, 114.02, 113.44, 74.87, 56.20, 55.42, 25.64; IR (neat) 3002 (bw), 
2959 (bw), 2836 (w), 1612 (m), 1583 (w), 1514 (s), 1474 (s), 1272 (s), 1250 (bs), 1174 (m), 1076 




(1.70). Bromide 1.69 (483 mg, 1.30 mmol, 1.0 equiv) was weighed into a 5 
mL round bottom flask equipped with a magnetic stirbar and dissolved in 
2.2 mL of freshly distilled acetone. NaI (390 mg, 2.60 mmol, 2.0 equiv) was 
then added as a solid, and the resulting suspension was stirred for 12 hours at room temperature in 
the dark. The mixture was filtered through Celite® 545 rinsing with ethyl acetate (3 x 5 mL) and 
concentrated. The crude residue was dissolved in 20 mL of ethyl acetate and poured into a 
separatory funnel. The organics were washed with 50% aqueous NaS2O3 (10 mL), dried over 
Na2SO4, and concentrated to afford the desired product 1.70 as a pale yellow solid that was used 
without further purification (542 mg, 99.6%), mp 85-88 °C. 
Rf = 0.52 (33% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 7.47 (d, J = 8.8 Hz, 2H), 
7.07 (d, J = 8.8, 1H) 6.94 (d, J = 8.6, 2H), 6.82 (d, J = 8.8 Hz, 1H), 5.15 (s, 2H), 4.52 (s, 2H), 
3.88 (s, 3H), 3.83 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 159.82, 151.94, 146.80, 131.80, 130.28, 
129.50, 125.91, 125.02, 114.03, 112.87, 73.83, 56.20, 55.44, –2.43; IR (neat) 2935 (bw), 2835 
(w), 1612 (m), 1514 (s), 1473 (s), 1370 (w), 1272 (s), 1250 (bs), 1174 (m), 1107 (m), 1071 (m), 
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1034 (m), 972 (bm), 801 (m) cm-1; HRMS (ESI+) Calcd. for C16H15ClIO3 [M+H]+: 416.9754; 
Found 416.9753. 
 
keto-alcohol (1.71). Carried out according to the general procedure for 
Birch reductive alkylation with racemic enone 1.54 (65.6 mg, 0.366 mmol, 
1.0 equiv) and iodide 1.70 (766 mg, 1.83 mmol, 5.0 equiv). The 
electrophile was not pre-cooled, however, due to a lack of solubility below 
room temperature. Purification by flash column chromatography (50% 
ethyl acetate in hexanes) afforded the desired product 1.71 as a white solid (136 mg, 78.6%), mp 
50-56 °C. 
Rf = 0.25 (50% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 7.29 (d, J = 8.8 Hz, 2H), 
7.03 (d, J = 8.8 Hz, 1H), 6.88 (d, J = 8.8 Hz, 2H), 6.75 (d, J = 8.8 Hz, 1H), 4.98 (d, J = 11.2 Hz, 
1H), 4.82 (d, J = 11.0 Hz, 1H), 3.84 (s, 3H), 3.81 (s, 3H), 3.72 (ddd, J = 6.1, 6.1, 0 Hz, 1H), 3.39 
(d, J = 13.2 Hz, 1H), 2.84 (d, J = 13.7 Hz, 1H), 2.67 (ddd, J = 13.7, 7.8, 5.6Hz, 1H), 2.09 (ddd, J 
= 11.7, 8.0, 0 Hz, 1H), 2.05-1.91 (m, 2H), 1.78 (dddd, J = 15.4, 7.8, 2.0 Hz, 1H), 1.74-1.67 (m, 
1H), 1.58-1.48 (m, 2H), 1.47-1.38 (m, 1H), 1.18 (s, 3H), 1.05-0.92 (m, 1H), 0.78 (s, 3H); 13C 
NMR (CDCl3, 125 MHz) δ 214.75, 159.79, 151.18, 147.91, 130.56, 130.45, 129.80, 127.24, 
124.30, 113.93, 111.90, 81.05, 74.84, 57.01, 56.08, 55.44, 51.84, 42.32, 37.20, 35.02, 32.32, 
31.48, 27.16, 23.89, 19.08; IR (neat) 3471 (bw), 2859 (bm), 2872 (bw), 1700 (m), 1612 (m), 1514 
(s), 1466 (bs), 1276 (m), 1251 (s), 1143 (m), 940 (bm) cm-1; HRMS (ESI+) Calcd. for 
C27H32ClO4 [M-OH]+: 455.1989; Found 455.1982. 
 
1-(bromomethyl)-3-methoxy-2-(4-methoxybenzyloxy)benzene (1.72). 
Alcohol 1.S5 (760 mg, 2.77 mmol, 1.0 equiv) and CBr4 (1.19 g, 3.60 mmol, 1.3 
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equiv) were weighed into a 25 mL round bottom flask equipped with a magnetic stirbar and 
dissolved in 5.5 mL of THF. The solution was cooled to 0 °C, and PPh3 (944 mg, 3.60 mmol, 1.3 
equiv) was added as a solid. The reaction mixture was then warmed to room temperature, and 
after 10 minutes diluted with water (20 mL), poured into a separatory funnel, and the product was 
extracted with CH2Cl2 (3 x 20 mL). The combined organics were dried over Na2SO4, filtered, and 
concentrated. Purification by flash column chromatography (14% Et2O in pentane) afforded the 
product 1.72 as a white solid (834 mg, 89.2 %), mp 50-52 °C.  
Rf = 0.42 (20% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 7.45 (d, J = 8.6, 2H), 
7.05 (dd, J = 7.8, 0 Hz, 1H), 6.97 (dd, J = 7.5, 1.2 Hz, 1H), 6.95-6.89 (m, 3H), 5.10 (s, 2H), 4.50 
(s, 2H), 3.90 (s, 3H), 3.83 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 159.71, 153.06, 146.30, 
132.35, 130.28, 129.94, 124.36, 122.77, 113.97, 113.15, 74.52, 56.04, 55.43, 28.62; IR (neat) 
2957 (bw), 2936 (bw), 2836 (w), 1612 (m), 1586 (m), 1514 (s), 1479 (s), 1374 (bw), 1271 (s), 
1250 (s), 1174 (m), 1070 (m) cm-1; HRMS (ESI+) Calcd. for C16H16BrO3 [M-H]+: 335.0283; 
Found 335.0271. 
 
keto-alcohol (1.73). Carried out according to the general procedure for Birch 
reductive alkylation with racemic enone 1.54 (51.0 mg, 0.283 mmol, 1.0 
equiv) and bromide 1.72 (473 mg, 1.40 mmol, 5.0 equiv). The electrophile 
was not pre-cooled, however, due to a lack of solubility below room 
temperature. Purification by flash column chromatography (55% ethyl acetate 
in hexanes) afforded the desired product 1.73 as a sticky foam (65.4 mg, 52.7%). 
Rf = 0.26 (50% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 7.31 (d, J = 8.8 Hz, 2H), 
6.92 (dd, J = 8.1, 8.1 Hz, 1H), 6.88 (d, J = 8.8 Hz, 2H), 6.80 (dd, J = 8.3, 1.5 Hz, 1H), 6.56 (dd, J 
= 7.8, 1.5 Hz, 1H), 4.98 (d, J = 11.0 Hz, 1H), 4.83 (d, J = 11.0 Hz, 1H), 3.85 (s, 3H), 3.82 (s, 3H), 
3.73 (ddd, J = 5.6, 5.6, 5.6 Hz, 1H), 3.36 (d, J = 13.4 Hz, 1H), 2.70 (ddd, J = 14.5, 8.8, 5.6 Hz, 
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1H), 2.50 (d, J = 13.4 Hz, 1H), 2.12 (ddd, J = 10.0, 7.6, 5.4 Hz, 1H), 2.07-2.02 (m, 1H), 2.0-1.92 
(m, 1H), 1.80 (dddd, J = 16.1, 8.3, 8.3, 2.4 Hz, 1H), 1.76-1.69 (m , 1H), 1.62-1.56 (m, 2H), 1.47-
1.40 (m, 1H), 1.19 (s, 3H), 1.11-1.02 (m, 1H), 0.82 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 
215.40, 159.64, 152.57, 146.78, 131.69, 130.35, 130.24, 123.82, 123.20, 113.87, 111.21, 81.36, 
74.64, 55.85, 55.62, 55.44, 52.11, 42.66, 38.95, 35.24, 32.27, 31.36, 26.95, 23.76, 20.30; IR 
(neat) 3431 (bw), 2956 (bm), 2836 (bw), 1700 (s), 1611 (m), 1584 (m), 1514 (s), 1474 (bs), 1302 




Bromide 1.S6 (34.1 g, 99.8 mmol, 1.0 equiv) was weighed into a 250 mL 
round bottom flask equipped with a magSnetic stirbar and dissolved in 166 
mL of freshly distilled acetone. NaI (29.9 g, 198 mmol, 2.0 equiv) was then 
added as a solid, and the resulting suspension was stirred for 12 hours at room temperature in the 
dark. The mixture was filtered through Celite® 545 rinsing with ethyl acetate (3 x 150 mL) and 
concentrated. The crude residue was dissolved in 200 mL of ethyl acetate and poured into a 
separatory funnel. The organics were washed with 50% aqueous Na2S2O3 (150 mL), dried over 
Na2SO4, and concentrated to afford the desired product 1.74 as a pale yellow solid that was used 
without further purification (38.0 g, 98.1%), mp 72-75 °C.  
1H NMR (CDCl3, 500 MHz) δ 7.56-7.52 (m, 2H), 7.43-7.34 (m, 3H), 7.08 (d, J = 8.8 Hz, 1H), 
6.83 (d, J = 8.8 Hz, 1H), 5.22 (s, 2H), 4.55 (s, 2H), 3.88 (s, 3H); 13C NMR (CDCl3, 125 
MHz) δ 151.88, 146.77, 137.34, 131.75, 128.62, 128.41, 128.33, 125.87, 125.09, 112.84, 74.04, 
56.18, –2.65; IR (neat) 3006 (bw), 2974 (bw), 2839 (w), 1575 (m), 1471 (s), 1460 (s), 1430 (s), 
1366 (s), 1267 (s), 1223 (bs), 1099 (s), 1064 (s), 964 (s), 883 (m), 797 (s), 747 (s), 693 (s) cm-1; 




keto-alcohol (1.75). Carried out according to the general procedure for 
Birch reductive alkylation with enone 1.54 (499 mg, 2.77 mmol, 1.0 equiv) 
and iodide 1.74 (5.40 mg, 13.9 mmol, 5.0 equiv). Purification by flash 
column chromatography (40 to 70% ethyl acetate in hexanes) afforded the 
desired product 1.75 as a white solid (968 mg, 78.9%), mp 45-50 °C. 
ሾߙሿ஽ଶ଴ = –32.50 (c 0.86, CHCl3); Rf = 0.33 (50% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 
MHz) δ 7.40-7.31 (m, 5H), 7.05 (d, J = 8.8 Hz, 1H), 6.76 (d, J = 8.8 Hz, 1H), 5.04 (d, J = 11.2 
Hz, 1H), 4.89 (d, J = 11.5 Hz, 1H), 3.83 (s, 3H), 3.71 (ddd, J = 6.1, 6.1, 6.1 Hz, 1H), 3.42 (d, J = 
13.7 Hz, 1H), 2.87 (d, J = 13.7 Hz, 1H), 2.65 (dddd, J = 13.7 Hz, 5.4, 5.4, 5.4 Hz, 1H), 2.10 (dd, 
J = 11.7, 8.1 Hz, 1H), 2.04-1.90 (m, 2H), 1.83-1.74 (m, 1H), 1.73-1.62 (m, 1H), 1.56-1.47 (m, 
2H), 1.47-1.38 (m, 1H), 1.17 (s, 3H), 1.08-0.93 (m, 1H), 0.79 (s, 3H); 13C NMR (CDCl3, 125 
MHz) δ 214.79, 151.12, 147.91, 137.57, 130.44, 128.75, 128.57, 128.34, 127.24, 124.37, 111.91, 
81.00, 75.17, 57.00, 56.07, 51.83, 42.27, 37.15, 35.00, 32.25, 31.45, 27.15, 23.91, 19.08; IR 
(neat) 3430 (bw), 2956 (bm), 2872 (bm), 1697 (s), 1576 (w), 1463 (bs), 1375 (m), 1275 (s), 1214 
(bm), 1077 (bm), 974 (bs), 798 (m), 749 (s), 697 (s) cm-1; HRMS (ESI+) Calcd. for 
C26H32ClO4 [M+H]+: 443.1989; Found 443.2005. 
 
5-(benzyloxy)-4-(bromomethyl)benzo[d][1,3]dioxole (1.76). To a solution 
of benzyl alcohol 1.S8 (3.50 g, 13.5 mmol, 1.0 equiv) in 80 mL of Et2O at 
room temperature, pyridine (54.2 μL, 0.678 mmol, 0.05 equiv) was added. 
PBr3 (1.28 mL, 13.6 mmol, 1.0 equiv) was then added over 35 minutes via syringe pump. Over 
the course of the addition, the clear solution became cloudy. The reaction mixture was stirred for 
40 minutes and then quenched by the addition of H2O (50 mL). The mixture was poured into a 
separatory funnel and the product was extracted with Et2O (3 x 50 mL). The combined organics 
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were washed with H2O (50 mL), saturated aqueous NaCl (50 mL), dried over MgSO4, filtered, 
and concentrated to give 1.76 as a white solid that was used without any further purification (4.32 
g, 99.3%), mp 91-93 °C. 
Rf = 0.55 (30% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 7.49-7.46 (m, 2H), 7.42-
7.38 (m, 2H), 7.35-7.33 (m, 1H), 6.67 (d, J = 8.4 Hz, 1H), 6.33 (d, J = 8.4 Hz, 1H), 6.01 (s, 2H), 
5.08 (s, 2H), 4.59 (s, 2H); 13C NMR (CDCl3, 125 MHz) δ 151.90, 147.09, 141.81, 137.03, 128.68, 
128.04, 127.32, 110.20, 107.88, 104.06, 101.94, 71.10, 22.19; IR (neat) 3031 (w), 2777 (bw), 
1644 (w), 1462 (s), 1243 (s), 1160 (s), 1058 (s), 924 (m), 737 (m) cm-1; HRMS (ESI+) Calcd. for 
C15H14BrO3 [M+H]+: 321.0126; Found 321.0117. 
 
keto-alcohol (1.77). Carried out according to the general procedure for 
Birch reductive alkylation with racemic enone 1.54 (49.2 mg, 0.273 
mmol, 1.0 equiv) and bromide 1.76 (437 mg, 1.36 mmol, 5.0 equiv). 
Purification by flash column chromatography (40% ethyl acetate in 
hexanes) afforded the desired product 1.77 as a white solid (72.8 mg, 
63.1%), mp 150-152 °C. 
 Rf = 0.32 (60% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 7.41-7.36 (m, 4H), 7.35-
7.29 (m, 1H), 6.67 (d,J = 8.5 Hz, 1H), 6.27 (d, J = 8.5 Hz, 1H), 5.87 (d, J = 1.5 Hz, 1H), 5.80 
(d, J= 1.5 Hz, 1H), 4.93 (d, J = 11.5 Hz, 1H), 4.88 (d, J = 11.5Hz, 1H), 3.74 (ddd,J = 6.1, 6.1, 6.1 
Hz, 1H), 3.47 (d, J = 13.4 Hz, 1H), 2.69 (d, J = 13.4 Hz, 1H), 2.61 (ddd, J = 16.8, 8.5, 5.4 Hz, 
1H), 2.13 (ddd, J = 12.2, 8.3, 0 Hz, 1H), 2.02-1.91 (m, 2H), 1.84 (dddd, J = 15.6, 7.8, 7.8, 2.0 
1H), 1.73 (ddd, J = 13.9, 8.0, 5.6 Hz, 1H), 1.54-1.40 (m, 3H), 1.28 (s, 3H), 1.10-1.00 (m, 1H), 
0.89 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 215.05, 152.66, 147.59, 141.07, 137.17, 128.59, 
128.07, 127.95, 109.90, 105.94, 103.29, 100.78, 81.09, 71.04, 56.25, 52.16, 42.37, 35.09, 33.71, 
32.06, 31.33, 27.36, 24.01, 19.88; IR (neat) 3440 (bm), 2958 (m), 2979 (m), 1697 (s), 1458 (s) 
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1377 (m), 1243 (s), 1102 (m), 1052 (s), 930 (m), 735 (s) cm-1; HRMS (ESI+) Calcd. for 
C26H31O5 [M+H]+: 423.2172; Found 423.2174. 
 
 (2-chloro-3,5-dimethoxyphenyl)methanol (1.78). To a solution 
of 1.S2 (10.4 g, 62.0 mmol, 1.0 equiv) in 310 mL of CCl4 was added N-
chlorosuccinimide (7.86 g, 58.9 mmol, 0.95 equiv) as a solid. The solution 
was then refluxed for 48 hours. The reaction mixture was cooled to room 
temperature and concentrated to remove CCl4. The resulting residue was suspended in 200 mL of 
Et2O and filtered through a sintered glass frit. The filtrate was then washed with saturated 
aqueous NaHCO3(100 mL), saturated aqueous NH4Cl (100 mL), H2O (100 mL), and saturated 
aqueous NaCl (100 mL). The extract was then dried over Na2SO4, filtered, and concentrated. The 
crude solid was recrystallized from hot Et2O and hexanes (approx. 5:1 v/v) to afford the desired 
product 1.78 as a white crystalline solid (9.0 g, 71.7%), mp 88-90 °C. 
Rf = 0.24 (30% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 6.68 (d, J = 2.8 Hz, 1H), 
6.47 (d, J = 2.8 Hz, 1H), 4.77 (d, J = 6.7 Hz, 2H), 3.88 (s, 3H), 3.83 (s, 3H), 1.95 (t, 6.7 Hz, 1H); 
13C NMR (CDCl3, 125 MHz) δ 159.22, 155.76, 140.22, 112.26, 104.22, 99.04, 63.03, 56.33, 
55.68; IR (neat) 3282 (bm), 2937 (m), 2838 (m), 1590 (s), 1454 (s), 1420 (s), 1330 (s), 1198 (s), 
1084 (s), 1030 (s), 952 (m), 831 (s), 680 (m), 604 (s) cm-1; HRMS (ESI+) Calcd. for 
C9H12ClO3 [M+H]+: 203.0475; Found 203.0470. 
 
 (6-chloro-3-methoxy-2-(4-methoxybenzyloxy)phenyl)methanol (1.79). 
Benzyl alcohol 1.S5 (11.4 g, 41.7 mmol, 1.0 equiv) was weighed into a 250 
mL round bottom flask equipped with a magnetic stirbar and dissolved in 83 
mL of CH2Cl2. The solution was cooled to 0 °C, and 1,3-dichloro-5,5-
dimethylhydantoin (9.86 g, 50.0 mmol, 1.2 equiv) was added as a solid. The reaction mixture was 
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then stirred for 20 hours at 0 °C. The resulting slurry was diluted with saturated aqueous Na2S2O3 
(50 mL), and the product was extracted with CH2Cl2 (3 x 50 mL). The combined organics were 
washed with saturated aqueous NaHCO3 (150 mL), H2O (150 mL), saturated aqueous NaCl (150 
mL), dried over Na2SO4, filtered, and concentrated. The crude residue was purified by column 
chromatography (30 % ethyl acetate in hexanes) to afford the desired compound 1.79 as a white 
solid (9.13 g, 70.9%), mp 76–78 °C. 
Rf = 0.29 (30% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 7.35 (d, J = 8.5 Hz, 2H), 
7.10 (d, J = 8.8 Hz, 1H), 6.90 (d, J = 8.3 Hz, 2H), 6.84 (d, J = 8.8 Hz, 1H), 5.03 (s, 2H), 4.69 (d, 
6.8 Hz, 2H), 3.89 (s, 3H), 3.81 (s, 3H), 2.08 (t, J = 6.8 Hz, 1H); 13C NMR (CDCl3, 125 
MHz) δ 159.92, 151.86, 147.32, 132.87, 130.48, 129.27, 125.88, 124.93, 114.11, 112.87, 75.56, 
58.33, 56.22, 55.42; IR (neat) 3440 (bw), 2958 (bw), 2897 (bw), 2837 (w), 1612 (m), 1514 (s), 
1473 (s), 1440 (m), 1271 (s), 1250 (bs), 1175 (m), 1013 (bm) cm-1; HRMS (ESI+) Calcd. for 
C16H16ClO4 [M-H]+: 307.0737; Found 307.0744. 
 
 (2-(benzyloxy)-6-chloro-3-methoxyphenyl)methanol (1.81). Benzyl 
alcohol117 (35.5 g, 145 mmol, 1.0 equiv) was weighed into a 500 mL round 
bottom flask equipped with a magnetic stirbar and dissolved in 290 mL of 
CH2Cl2. The solution was cooled to 0 °C, and 1,3-dichloro-5,5-
dimethylhydantoin (34.4 g, 174 mmol, 1.2 equiv) was added as a solid. The reaction mixture was 
then stirred for 12 hours at 0 °C. The resulting slurry was diluted with saturated aqueous Na2S2O3 
(150 mL), and the product was extracted with CH2Cl2 (3 x 100 mL). The combined organics were 
washed with saturated aqueous NaHCO3 (300 mL), H2O (300 mL), saturated aqueous NaCl (300 
mL), dried over MgSO4, filtered, and concentrated. The crude solid was recrystallized from hot 
hexanes and ethyl acetate (approx. 10:1 v/v) to afford the desired product 1.81 as a white 
crystalline solid (34.5 g, 85.8%), mp 80-83 °C. The mother liquor was then purified by column 
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chromatography (40% ethyl acetate in hexanes) to provide more of the desired compound as a 
white solid (2.51 g, 6.2%). 
Rf = 0.30 (40% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 7.46-7.43 (m, 2H), 7.41-
7.33 (m, 3H), 7.11 (d, J = 7.1 Hz, 1H), 6.85 (d, J = 6.8 Hz, 1H), 5.09 (s, 2H), 4.72 (d, J = 7.1 Hz, 
2H), 3.89 (s, 3H), 2.02 (t, J = 6.8 Hz, 1H); 13C NMR (CDCl3, 125 MHz) δ 151.88, 147.42, 
137.15, 132.84, 128.76, 128.71, 128.58, 125.96, 125.04, 112.95, 75.93, 58.27, 56.24; IR (neat) 
3373 (bw), 3007 (bw), 2839 (w), 1579 (w), 1472 (s), 1439 (m), 1370 (m), 1272 (s), 1221 (s), 
1080 (m), 1002 (bs), 802 (m), 745 (m), 695 (m) cm-1; HRMS (ESI+) Calcd. for C15H15ClO3 [M] 
•+: 278.0710; Found 278.0695. 
 
5-(benzyloxy)benzo[d][1,3]dioxole-4-carbaldehyde (1.82). Benzyl 
protected sesamol 1.S7 (2.00 g, 8.76 mmol, 1.0 equiv) was dissolved in 88 
mL of THF and cooled to –78 °C. n-BuLi (4.75 mL of a 2.4 M solution in 
hexanes, 11.4 mmol, 1.3 equiv) was added dropwise, at which point the 
solution turned from pale to bright yellow. The solution was then stirred for 2 hours at –78 °C, 
after which DMF (1.36 mL, 11.4 mmol 1.3 equiv) was added dropwise, and the reaction mixture 
was allowed to stir for an additional 10 minutes. The solution was then warmed to room 
temperature, and 100 mL of 1 N HCl was added. The mixture was poured into a separatory funnel 
and the product was extracted with ethyl acetate (3 x 100 mL). The combined organics were 
washed with H2O (100 mL), saturated aqueous NaCl (100 mL), dried over Na2SO4, filtered, and 
concentrated to give a yellow solid. Purification by flash column chromatography (25% ethyl 
acetate in hexanes) afforded the desired compound 1.82 as an off-white crystalline solid (1.58 g, 
70.2%), mp 105-107 °C. 
Rf = 0.32 (30% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 10.44 (s, 1H), 7.44-7.32 
(m, 5H), 6.90 (d, J = 8.5 Hz, 1H), 6.41 (d, J = 8.5 Hz, 1H), 6.10 (s, 2H), 5.11 (s, 2H); 13C NMR 
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(CDCl3, 125 MHz) δ 188.19, 155.26, 148.39, 142.85, 136.19, 128.74, 128.29, 127.33, 113.03, 
111.26, 103.94, 102.99, 71.40; IR (neat) 3030 (w), 2872 (bw), 1684 (s), 1628 (s), 1497 (s), 1399 
(m), 1379 (m), 1230 (s), 1197 (m), 1071 (s), 1023 (m), 918 (m), 792 (m), 734 (s), 655 (m) cm-1. 
HRMS (ESI+) Calcd. for C15H13O4 [M+H]+: 257.0814; Found 257.0824. 
 
2-methyl-2-phenyl-cyclopentanone (1.88). In a drybox, Sc(OTf)3 (24.6 mg, 0.05 
mmol, 0.01 equiv) was weighed directly into a 50 mL round bottom flask. After 
removing the flask from the drybox, 16 mL of CH2Cl2 was added followed by 
cyclobutanone118 (411 μL, 5.50 mmol, 1.1 equiv). The solution was cooled to –78 oC and (1-
diazoethyl)benzene119 (11.36 mL, 5.0 mmol, 1.0 equiv, 0.44 M in toluene) was added rapidly via 
syringe. Immediately upon addition of the diazoalkane, vigorous bubbling was observed in 
conjunction with a fading of its characteristic red color. The faint yellow solution was allowed to 
gradually warm to room temperature, and after 2 hours, the reaction mixture was poured into 100 
mL of a mixture of water and 1 N HCl (approx. 5:1 v/v). The product was extracted with Et2O 
(100 mL), and the organic fraction was washed with saturated aqueous NaCl (100 mL), dried 
over Na2SO4, filtered and concentrated. Column chromatography (9% ethyl acetate in hexanes) 
afforded the desired compound 1.88 as a yellow tinted oil (857 mg, quantitative). 
Rf = 0.32 (10% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 7.37-7.30 (m, 4H), 7.25-
7.21 (m, 1H), 2.58-2.53 (m, 1H), 2.37-2.33 (m, 2H), 2.05-1.84 (m, 3H), 1.39 (s, 3H); 13C NMR 
(CDCl3, 125 MHz) δ  220.77, 142.75, 128.69, 126.78, 126.41, 53.23, 38.22, 37.76, 25.16, 18.86; 
IR (neat) 2964 (w), 2870 (bm), 1735 (s), 1445 (m), 1405 (m), 1056 (w), 759 (m), 700 (m) cm-1; 




2-methyl-2-phenyl-cyclohexanone (1.89). To a solution of silyl enol ether 1.91 
(57.1 mg, 0.219 mmol, 1.0 equiv) in 1.1 mL of THF, TBAF (1.04 mL, 1.05 
mmol, 4.8 equiv, 1.0 M solution in THF) was added.  After 40 minutes at 23 °C, 
the reaction mixture was poured into H2O (20 mL). The product was extracted with ethyl acetate 
(3 x 15 mL), and the combined organics were washed with saturated aqueous NaCl (20 mL), 
dried over Na2SO4, filtered, and concentrated. The crude residue was then passed through a plug 
of silica gel eluting with ethyl acetate and then concentrated to afford the desired product 1.89 as 
a yellow oil (46.2 mg, quantitative). 
Rf = 0.48 (10% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 7.37-7.33 (m, 2H), 7.26-
7.22 (m, 1H), 7.24 (tt, J = 6.8, 1.2 Hz, 1H), 7.20-7.17 (m, 2H), 2.72-2.66 (m, 1H), 2.42-2.28 (m, 
2H), 2.00-1.93 (m, 1H), 1.78-1.67 (m, 4H), 1.27 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 214. 17, 
143.42, 129.11, 126.69, 126.22, 54.51, 40.05, 38.30, 28.59, 22.00; IR (neat) 2934 (bm), 2863 
(bm), 1708 (s), 1495 (w), 1448 (w), 759 (w), 702 (m), 551 (m) cm-1; HRMS (ESI+) Calcd. for 
C13H17O [M+H]+: 189.1279; Found 189.1284. 
 
3-methyl-3-phenyl-cyclohexanone (1.90). To a solution of silyl enol ether 
1.92 (46.3 mg, 0.178 mmol, 1.0 equiv) in 0.9 mL of THF, TBAF (0.40 mL, 
0.426 mmol, 2.4 equiv, 1.0 M solution in THF) was added.  After 40 minutes 
at 23 °C, the reaction mixture was poured into H2O (20 mL). The product was extracted with 
ethyl acetate (3 x 15 mL), and the combined organics were washed with saturated aqueous NaCl 
(20 mL), dried over Na2SO4, filtered, and concentrated. The crude residue was then passed 
through a plug of silica gel eluting with ethyl acetate and then concentrated to afford the desired 
product 1.92 as a yellow oil. 
Rf = 0.30 (10% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 7.35-7.31 (m, 4H), 7.23-
7.18 (m, 1H), 2.88 (d, J = 14.2 Hz, 1H), 2.44 (d, J = 14.4 Hz, 1H), 2.34-2.29 (m, 2H), 2.22-2.16 
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(m, 1H), 1.96-1.84 (m, 2H), 1.72-1.63 (m, 1H), 1.33 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 
211.58, 147.57, 128.65, 126.31, 125.70, 53.21, 42.94, 40.92, 38.07, 29.90, 22.14; IR (neat) 2957 
(bm), 2872 (bm), 1710 (s), 1498 (w), 1422 (m), 1228 (m), 1031 (bw), 764 (m), 700 (s) cm-1; 
HRMS (ESI+) Calcd. for C13H17O [M+H]+: 189.1279; Found 189.1279. 
 
trimethyl(6-methyl-6-phenylcyclohex-1-enyloxy)silane (1.91). In a drybox, 
Yb(OTf)3 (19.2 mg, 0.0310 mmol, 0.10 equiv) was weighed directly into a 1.5 
mL vial. A solution of ketone 1.88 (54.0 mg, 0.310 mmol, 1.0 equiv) in 1.55 mL 
of CH2Cl2 was then transferred directly to the solid Yb(OTf)3. TMSD (251 μL, 0.630 mmol, 2.0 
equiv, 2.47 M in hexanes) was introduced dropwise, and the reaction mixture was allowed to stir 
for 27 hours in the drybox. The vessel was then removed from the drybox, and the reaction 
mixture was poured into saturated aqueous NaHCO3 (20 mL). The product was extracted with 
Et2O (3 x 10 mL), and the combined organics were washed with saturate aqueous NaCl (20 mL), 
dried over Na2SO4, filtered, and concentrated. Purification by column chromatography (100% 
hexanes) afforded the desired enol silane 1.91 as a colorless oil (61.8 mg, 76.5%). 
Rf = 0.35 (100% hexanes); 1H NMR (CDCl3, 500 MHz) δ 7.38-7.35 (m, 2H), 7.30-7.26 (m, 2H), 
7.19-7.14 (m, 1H), 4.93 (dd, J = 3.9, 3.9 Hz, 1H), 2.12-2.07 (m, 2H), 1.88 (ddd, J = 13.2, 6.6, 2.9 
Hz, 1H), 1.71 (ddd, J = 13.2, 11.3, 2.9 Hz, 1H), 1.49-1.42 (m, 1H), 1.45 (s, 3H), 1.38-1.27 (m, 
1H), 0.12 (s, 9H); 13C NMR (CDCl3, 125 MHz) δ 154.39, 148.23, 127.81, 127.14, 125.58, 
103.74, 43.96, 41.17, 26.20, 24.74, 19.08, 0.51; IR (neat) 2961 (bm), 2932 (bm), 2838 (w), 1657 
(m), 1248 (s),1182 (s), 1152 (w), 843 (s), 759 (m), 698 (m) cm-1; HRMS (ESI+) Calcd. for 




trimethyl(3-methyl-3-phenylcyclohex-1-enyloxy)silane (1.92). Authentic 
material was prepared according to the known literature procedure.120 
Rf = 0.38 (3% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 
7.40-7.37 (m, 2H), 7.31-7.27 (m, 2H), 7.19-7.15 (m, 1H), 4.95-4.94 (m, 1H), 2.08-1.98 (m, 2H), 
1.83-1.77 (m, 1H), 1.66-1.54 (m, 2H), 1.48-1.41 (m, 1H), 1.40 (s, 3H), 0.25 (s, 9H); 13C NMR 
(CDCl3, 125 MHz) δ 150.68, 150.43, 128.02, 126.79, 125.65, 113.50, 40.12, 39.05, 30.33, 29.96, 
19.72, 0.63; IR (neat) 2958 (bm), 2933 (bm), 1661 (m), 1251 (m), 1196 (s) 894 (m), 843 (s), 760 
(m), 699 (m) cm-1; HRMS (ESI+) Calcd. for C16H25OSi [M+H]+: 261.1675; Found 261.1662. 
 
homologated estrone 3-methyl ether major (1.94). In a drybox, 
Sc(OTf)3 (3.7 mg, 0.0075 mmol, 0.05 equiv) was weighed directly 
into a 1.5 mL vial equipped with a magnetic stirbar. A solution of 
estrone 3-methyl ether (42.6 mg, 0.15 mmol, 1.0 equiv) in 
CDCl3 (0.53 mL) was transferred directly to the solid Sc(OTf)3. The cloudy gray suspension was 
stirred for 15 minutes at which point TMSD (121 μL, 0.30 mmol, 2.0 equiv, 2.47 M in hexanes) 
was introduced dropwise. The entire reaction mixture (including any residual solids) was 
transferred via glass pipette to a J. Young NMR tube, and the vial was rinsed with an additional 
0.2 mL of CDCl3. The reaction tube was removed from the drybox, connected to a nitrogen 
manifold, and allowed to stand for 24 hours at 23 °C. 1,3,5-trimethoxybenzene (11.0 mg, 0.65 
mmol, 4.3 equiv) was added, and 1H NMR analysis indicated a 72% yield of the major enol 
silane. The reaction mixture was poured into H2O (5 mL), and the product was extracted with 
CH2Cl2 (3 x 10 mL). The combined organics dried over Na2SO4, filtered, and concentrated. The 
crude residue was then dissolved in 1 mL of THF, TBAF•xH2O (168 mg, 0.60 mmol, 4.0 equiv) 
was added as a solid, and the reaction mixture was allowed to stir for 30 minutes at 23 °C. The 
reaction mixture was then poured into H2O (5 mL) and the product was extracted with Et2O (3 x 5 
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mL), and the combined organics were passed through a plug of silica gel rinsing with ethyl 
acetate (10 mL) and concentrated. Purification by column chromatography (15% ethyl acetate in 
hexanes) afforded the desired homologated estrone derivative 1.94 as a white solid (30.4 mg, 
67.9%), mp 136-138 °C. 
Rf = 0.30 (15% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 7.22 (dd, J = 8.8, 0.5 
Hz, 1H), 6.72 (dd, J = 8.9, 2.9 Hz, 1H), 6.63 (d, 2.9 Hz, 1H), 3.78 (s, 3H), 2.88-2.83 (m, 2H), 
2.67 (ddd, J = 14.2, 14.2, 6.8 Hz, 1H), 2.38 (dddd, 11.5, 4.2, 4.2, 4.2 Hz, 1H), 2.28-2.21 (m, 2H), 
2.16-2.05 (m, 2H), 1.99-1.93 (m, 1H), 1.89 (ddd, J = 13.9, 3.4, 3.4 Hz, 1H), 1.73 (ddd, J = 13.7, 
13.7, 3.9 Hz, 1H), 1.69-1.58 (m, 1H), 1.55-1.39 (m, 4H), 1.34-1.25 (m, 1H), 1.13 (s, 3H); 13C 
NMR (CDCl3, 125 MHz) δ 216.45, 157.69, 137.76, 132.60, 126.48, 113.59, 111.77, 55.33, 50.44, 
48.54, 43.17, 38.99, 37.32, 32.66, 30.24, 26.78, 26.07, 26.03, 23.08, 17.02; IR (neat) 2930 (bs), 
2863 (bm), 1703 (s), 1610 (w), 1502 (m), 1429 (bm), 1254 (m), 1237 (m), 1040 (w) cm-1; HRMS 
(ESI+) Calcd. for C20H27O2 [M+H]+: 299.2011; Found 299.1999. 
 
homologated estrone 3-methyl ether minor (1.95). Isolated as 
the minor regioisomer in the procedure for compound 1.94. 
Column chromatography (15% ethyl acetate in hexanes) afforded 
the minor regioisomer as a white solid (9.9 mg, 22.1 %), mp 176-
180 °C. 
Rf = 0.17 (15% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 7.22 (d J = 8.3 Hz, 1H), 
6.73 (dd, J = 8.8, 2.9 Hz, 1H), 6.64 (d, J = 2.9 Hz, 1H), 3.78 (s, 3H), 2.89-2.83 (m, 2H), 2.47-2.21 
(m, 5H), 2.23 (d, J = 13.7 Hz, 1H), 2.16-2.09 (m, 1H), 2.14 (d, J = 13.4, 2.4 Hz, 1H), 1.67-1.42 
(m, 5H), 1.41-1.24 (m, 2H), 0.83 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 211.83, 157.74, 137.95, 
132.58, 126.45, 113.64, 111.84, 56.93, 55.38, 48.12, 43.72, 41.38, 41.33, 39.66, 38.38, 30.20, 
26.76, 26.50, 25.72, 17.88; IR (neat) 2922 (bs), 2861 (bm), 1709 (s), 1612 (w), 1501 (m), 1256 
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(s), 1038 (m), 810 (w), 79 (w) cm-1; HRMS (ESI+) Calcd. for C20H27O2 [M+H]+: 299.2011; 
Found 299.2015. 
 
Hajos-Parrish ketone (1.97). A 40 mL vial (95 mm x 25 mm) equipped with a 
magnetic stirbar and a rubber septum was charged with 2-methyl-2-(3-
oxopentyl)cyclopentane-1,3-dione121 (2.00 g, 10.2 mmol, 1.0 equiv), D-Phe (505 
mg, 3.06 mmol, 0.3 equiv), and PPTS (1.28 g, 5.09 mmol, 0.5 equiv). DMSO 
(0.73 mL) was added with a syringe, and the resulting suspension was stirred for 5 minutes at 
room temperature. The vial was then sonicated (60 W) continuously at 50 °C for 24 hours. 20 
minutes into the reaction period at 50 °C, the reaction mixture was observed to be dark yellow 
and homogeneous. The crude reaction mixture was directly loaded onto a flash column and eluted 
with 50% Et2O in pentane to afford the desired product 1.97 as a colorless oil (1.61 g, 88.6%) 
with 91% ee (AS-H, 50 °C, 150 psi, 1.0 mL/min, 3% MeOH, λ = 220 nm; tR = 10.06 min (minor), 
10.80 min (major)). 
Rf = 0.50 (60% Et2O in pentane); 1H NMR (CDCl3, 500 MHz) δ 2.96-2.87 (m, 1H), 2.85-2.73 (m, 
2H), 2.60-2.37 (m, 3H), 2.07 (ddd, J = 13.4, 5.1, 2.2 Hz, 1H), 1.85 (ddd, J = 13.9, 13.9, 5.9 Hz, 
1H), 1.78 (d, J = 1.2 Hz, 3H), 1.29 (s, 3H); 13C NMR (CDCl3, 100 MHz) δ 217.74, 197.99, 
162.55, 129.95, 48.99, 35.54, 32.92, 28.94, 24.60, 21.38, 10.89; HRMS (ESI+) Calcd. for 
C11H15O2 [M+H]+: 179.1072; Found 179.1076. 
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exocyclic ene-ol (1.99). In a drybox, NaH (35.1 mg, 1.46 mmol, 7.0 equiv) 
was weighed into a 2-neck, 25 mL round bottom flask equipped with a 
magnetic stirbar. After removing the flask from the drybox, a reflux 
condenser was installed. 1.5 mL of DMSO was added, and the suspension 
was heated to 75 °C for 1 hour. During this time, the reaction became 
homogeneous, forming a teal-colored, clear solution. This solution was cooled to room 
temperature, and a solution of Ph3PCH3I (764 mg, 1.88 mmol, 9.0 equiv) in 2.6 mL of DMSO 
was added over 30 minutes via syringe pump. Upon addition of the salt, the reaction mixture 
became bright yellow. After completion of the addition, the mixture was stirred for an additional 
30 minutes at room temperature, at which point a solution of racemic keto-alcohol 1.53 (76.3 mg, 
0.208 mmol, 1.0 equiv) in 0.58 mL of DMSO was added dropwise. The reaction mixture was 
then heated to 75°C and stirred for 16 hours. The resulting amber solution was cooled to room 
temperature and acidified by the addition of 5 mL of saturated aqueous NH4Cl. The reaction 
mixture was diluted with H2O (15 mL), poured into a separatory funnel, and the product was 
extracted with Et2O (3 x 15 mL). The combined organics were washed with H2O (15 mL), 
saturated aqueous NaCl (15 mL), dried over Na2SO4, filtered, and concentrated. Purification by 
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flash column chromatography (40% Et2O in pentane) afforded compound 1.99 as a white solid 
(61.3 mg, 80.8%), mp 117-119 °C. 
Rf = 0.33 (60% Et2O in pentane); 1H NMR (CDCl3, 500 MHz) δ 6.69 (d, J = 2.7 Hz, 1H), 6.38 
(d, J = 2.7 Hz, 1H), 4.75-4.71 (m, 2H), 3.86 (s, 3H), 3.78 (s, 3H), 3.61-3.57 (m, 1H), 2.97-2.89 
(m, 2H), 2.57-2.47 (m, 1H), 2.42-2.32 (m, 1H), 2.09-1.90 (m, 2H), 1.82-1.65 (m, 4H), 1.57-1.50 
(m, 1H), 1.49 (d, J = 4.6 Hz, 1H), 1.11 (s, 3H), 0.67 (s, 3H); 13C NMR (CDCl3, 125 
MHz) δ 159.86, 158.13, 155.71, 139.15, 115.83, 108.95, 101.44, 97.62, 72.48, 56.27, 55.57, 
51.66, 45.02, 41.99, 38.36, 31.34, 30.57, 27.79, 25.55, 23.26, 18.40; IR (neat) 3556 (bw), 2949 
(bm), 1588 (s), 1454 (s), 1287 (m), 1201 (s), 1161 (s), 1082 (m), 1034 (s), 907 (m), 730 (s), 632 
(w) cm-1; HRMS (ESI+) Calcd. for C21H28ClO2 [M-OH]+: 347.1778; Found 347.1766. 
 
keto-alcohol (1.101). In a drybox, NaH (6.08 mg, 0.253 mmol, 7.0 equiv) 
was weighed into a  5 mL vial equipped with a magnetic stirbar and a 
septum. The vial was removed from the glovebox, 0.58 mL of DMSO was 
added, and the suspension was heated to 75 °C for 1 hour. During this 
time, the reaction became homogeneous, forming a teal-colored, clear 
solution. The solution was cooled to room temperature, and a solution of racemic keto-
alcohol 1.77 (15.3 mg, 0.0362 mmol, 1.0 equiv) in 1.1 mL of DMSO was added dropwise. The 
reaction mixture was then heated to 75°C and stirred for 15 minutes. After recooling to room 
temperature, the reaction mixture was acidified by the addition of 2 mL of 1 N HCl, diluted with 
H2O (10 mL), poured into a separatory funnel, and the product was extracted with Et2O (3 x 10 
mL). The combined organics were washed with H2O (15 mL), saturated aqueous NaCl (15 mL), 
dried over Na2SO4, filtered, and concentrated. Purification by flash column chromatography (30% 
ethyl acetate in hexanes) afforded compound 1.101 as a white solid (10.7 mg, 69.9%), mp 89-




Rf = 0.70 (50% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 7.40-7.32 (m, 5H), 6.62 
(d, J = 8.5 Hz, 1H), 6.39 (d, J = 8.5 Hz, 1H), 5.91-5.89 (m, 2H), 5.04 (d, J = 11.5 Hz, 1H), 5.00 
(d, J = 11.5 Hz, 1H), 3.51 (d, J = 4.9 Hz, 1H), 3.34 (ddd, J = 4.9, 2.4, 2.4 Hz, 1H), 2.75-2.71 (m, 
2H), 2.38-2.29 (m, 1H), 2.19-2.08 (m, 3H), 1.94-1.79 (m, 2H), 1.57-1.48 (m, 2H), 1.46-1.38 (m, 
1H), 1.07 (s, 3H), 0.60 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 222.22, 152.89, 147.61, 141.40, 
136.56, 128.87, 128.49, 127.92, 111.06, 105.94, 104.63, 100.87, 72.07, 71.13, 48.74, 42.44, 
34.55, 30.62, 26.69, 24.52, 24.04, 19.36, 18.69; IR (neat) 3538 (bw), 2961 (bm), 2882 (bm), 1728 
(s), 1454 (s), 1381 (w), 1242 (s), 1110 (m), 1008 (bs), 698 (s) cm-1; HRMS (ESI+) Calcd. for 
C26H31O4 [M+H]+: 423.2172; Found 423.2159. 
 
decahydrocyclopenta[a]xanthene (1.102). In a drybox, NaH (37.9 
mg, 1.58 mmol, 7.0 equiv) was weighed into a 2-neck, 10 mL round 
bottom flask equipped with a magnetic stirbar. After removing the 
flask from the drybox, a reflux condenser was installed. 1.7 mL of 
DMSO was added, and the suspension was heated to 75 °C for 1 hour. 
During this time, the reaction became homogeneous, forming a teal-colored, clear solution. This 
solution was cooled to room temperature, and a solution of Ph3PCH3I (825 mg, 2.03 mmol, 9.0 
equiv) in 2.8 mL of DMSO was added over 30 minutes via syringe pump. Upon addition of the 
salt, the reaction mixture became bright yellow. After completion of the addition, the mixture was 
stirred for an additional 30 minutes at room temperature, at which point a solution of racemic 
keto-alcohol 1.75 (99.2 mg, 0.224 mmol, 1.0 equiv) in 0.62 mL of DMSO was added dropwise. 
The reaction mixture was then heated to 75°C and stirred for 16 hours. The resulting amber 
solution was cooled to room temperature and acidified by the addition of 5 mL of saturated 
aqueous NH4Cl. The reaction mixture was diluted with H2O (15 mL), poured into a separatory 
funnel, and the product was extracted with Et2O (3 x 15 mL). The combined organics were 
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washed with H2O (15 mL), saturated aqueous NaCl (15 mL), dried over Na2SO4, filtered, and 
concentrated. Purification by flash column chromatography (10% ethyl acetate in hexanes) 
afforded compound 1.102 as a white solid (59.5 mg, 60.2%), mp 87-89 °C. 
Rf = 0.26 (100% ethyl acetate); 1H NMR (CDCl3, 500 MHz) δ 6.86 (d, J = 8.6 Hz, 1H), 6.66 (d, J 
= 8.6 Hz, 1H), 4.80 (dd, J = 1.7, 1.7 Hz, 1H), 4.76 (dd, J = 2.2, 2.2 Hz, 1H), 4.04 (dd, J = 6.1, 6.1 
Hz, 1H), 3.84 (s, 3H), 2.98 (d, J = 17.6 Hz, 1H), 2.47-2.37 (m, 2H), 2.29 (d, J = 17.6 Hz, 1H), 
1.90-1.82 (m, 1H), 1.81-1.73 (m, 3H), 1.69-1.57 (m, 3H), 1.19 (s, 3H), 1.00 (s, 3H); 13C NMR 
(CDCl3, 125 MHz) δ 161.44, 147.30, 143.75, 126.18, 120.11, 119.58, 109.90, 102.77, 79.33, 
56.37, 53.18, 44.08, 34.39, 33.40, 31.80, 30.90, 29.50, 24.52, 24.35, 24.19; IR (neat) 3071 (w), 
2951 (bm), 2916 (bm), 1649 (w), 1578 (m), 1476 (bs), 1308 (m), 1253 (m), 1230 (s), 1097 (m), 
1051 (m), 799 (m), 782 (m), 673 (m) cm-1; HRMS (ESI+) Calcd. for C20H26ClO4 [M+H]+: 
333.1621; Found 333.1619. 
 
Deuterated keto-alcohol (1.103). Carried out according to the general 
procedure for Birch reductive alkylation with racemic enone 1.S13 (193 
mg, 1.06 mmol, 1.0 equiv) and iodide 1.S12 (2.08 g, 5.31 mmol, 5.0 
equiv). Purification by flash column chromatography (30 to 60% ethyl 
acetate in hexanes) afforded the desired product 1.103 as a white solid (398 
mg, 84.1%), mp 44-51 °C. 
Rf = 0.33 (50% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 7.40-7.30 (m, 5H), 7.04 
(d, J = 8.8 Hz, 1H), 6.76 (d, J = 8.8 Hz, 1H), 5.03 (d, J = 11.2 Hz, 1H), 4.89 (d, J = 11.2 Hz, 1H), 
3.83 (s, 3H), 2.63 (ddd, J = 16.6, 6.4, 6.4 Hz, 1H), 2.09 (dd, J = 11.7, 8.1 Hz, 1H), 2.03-1.90 (m, 
2H), 1.81-1.74 (m, 1H), 1.72-1.47 (m, 3H), 1.45-1.38 (m, 1H), 1.16 (s, 3H), 1.03-0.92 (m, 1H), 
0.79 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 214.80, 151.12, 147.92, 137.58, 130.38, 128.74, 
128.56, 128.33, 127.22, 124.36, 111.94, 80.50 (t, J = 21.9 Hz), 75.16, 56.98, 56.07, 51.68, 42.14, 
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35.00, 32.21, 31.36, 27.12, 23.89, 19.02; IR (neat) 3449 (bw), 3063 (bw), 2956 (bm), 2870 (bm), 
1698 (m), 1574 (w), 1461 (bs), 1374 (m), 1293 (m), 1267 (m), 1097 (bm), 974 (bs), 798 (m), 749 
(bm), 698 (s) cm-1; HRMS (ESI+) Calcd. for C26H29D3ClO4 [M+H]+: 446.2177; Found 446.2190. 
 
keto-tert-butyldimethylsilyl ether (1.107). To a solution of keto-
alcohol 1.53(170 mg, 0.464 mmol, 1.0 equiv) in 11.6 mL of CH2Cl2, 
triethylamine (129μL, 0.928 mmol, 2.0 equiv) was added. The solution 
was cooled to –78 °C and treated dropwise with TBSOTf (160 μL, 
0.696 mmol, 1.4 equiv) via syringe. The solution was stirred for 2.5 hours at –78 °C, after which 
the reaction was quenched by the addition of saturated aqueous NH4Cl (5 mL). After warming to 
room temperature, the mixture was poured into a separatory funnel and the product was extracted 
with CH2Cl2 (3 x 10 mL). The combined organics were washed with H2O (10 mL), saturated 
aqueous NaCl (10 mL), dried over Na2SO4, filtered, and concentrated. Purification by flash 
column chromatography (15% ethyl acetate in hexanes) afforded the desired product 1.107 as a 
white solid (178 mg, 79.9%), mp 136-138 °C. 
ሾߙሿ஽ଶ଴ = –30.54 (c 0.96, CHCl3); Rf = 0.32 (15% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 
MHz) δ 6.37 (d, J = 2.9 Hz, 1H), 6.18 (d, J = 2.7 Hz, 1H), 3.84 (s, 3H), 3.76-3.72 (m, 4H), 3.50 
(d, J = 14.2 Hz, 1H), 2.98 (d, J = 14.2 Hz, 1H), 2.78 (ddd, J = 17.1, 8.3, 5.6 Hz, 1H), 2.33 
(ddd, J = 16.7, 8.1, 5.6 Hz, 1H), 2.15 (ddd, J = 11.3, 8.3, 0 Hz, 1H), 1.98-1.73 (m, 4H), 1.53-1.43 
(m, 1H), 1.23 (s, 3H), 1.15-1.05 (m, 1H), 0.92-0.90 (m, 12H), 0.05 (s, 3H), 0.05 (s, 3H); 13C 
NMR (CDCl3, 125 MHz) δ 215.75, 158.18, 155.86, 137.64, 115.61, 107.99, 98.30, 81.05, 56.29, 
55.55, 55.36, 52.46, 43.11, 41.36, 35.66, 32.50, 31.96, 26.70, 26.00, 24.91, 19.76, 18.24, –4.19, –
4.76; IR (neat) 2995 (s), 2857 (m), 1704 (s), 1591 (s), 1459 (s), 1332 (m), 1164 (s), 1081 (m), 835 




tert-butyldimethylsilyl ether-alkene (1.108). In a drybox, NaH (32.6 
mg, 1.36 mmol, 7.4 equiv) was weighed into a 2-neck, 25 mL round 
bottom flask equipped with a magnetic stirbar. After removing the flask 
from the drybox, a reflux condenser was installed. 1.5 mL of DMSO 
was added, and the suspension was heated to 75 °C for 1 hour. During 
this time, the reaction became homogeneous, forming a teal-colored, clear solution. This solution 
was cooled to room temperature, and a solution of Ph3PCH3Br (624 mg, 1.75 mmol, 9.5 equiv) in 
2.4 mL of DMSO was added over 30 minutes via syringe pump. Upon addition of the salt 
solution, the reaction mixture became bright yellow. After completion of the addition, the mixture 
was stirred for an additional 30 minutes at room temperature, at which point a solution of 
ketone 1.107 (93.4 mg, 0.184 mmol, 1.0 equiv) in 0.56 mL of DMSO and 0.50 mL of THF was 
added dropwise. The reaction mixture was then heated to 75 °C and stirred for 16 hours. The 
resulting amber solution was cooled to room temperature and acidified by the addition of 5 mL of 
saturated aqueous NH4Cl. The reaction mixture was diluted with H2O (15 mL), poured into a 
separatory funnel, and the product was extracted with Et2O (3 x 15 mL). The combined organics 
were washed with H2O (15 mL), saturated aqueous NaCl (15 mL), dried over Na2SO4, filtered, 
and concentrated. Purification by flash column chromatography (5% Et2O in pentane) afforded 
the desired compound 1.108 as a white solid (95.0 mg, quantitative), mp 97-98 °C. 
ሾߙሿ஽ଶ଴ = +32.36 (c 1.00, CHCl3); Rf = 0.33 (50% Et2O in pentane); 1H NMR (CDCl3, 500 
MHz) δ 6.35 (d, J = 2.7 Hz, 1H), 6.21 (d, J = 2.7 Hz, 1H), 4.93 (s, 1H), 4.42 (s, 1H), 3.85 (s, 3H), 
3.73 (s, 3H), 3.55 (dd, J = 5.9, 1.5 Hz, 1H), 3.25 (d, J = 13.5 Hz, 1H), 3.01 (d, J = 13.4 Hz, 1H), 
2.71 (ddd, J = 13.7, 13.7, 5.4 Hz, 1H), 2.24-2.18 (m, 1H), 2.09-2.02 (m, 1H), 1.98-1.89 (m, 1H), 
1.84-1.74 (m, 1H), 1.47-1.22 (m, 7H), 0.92 (s, 9H), 0.81 (s, 3H), 0.5 (s, 3H), 0.4 (s, 3H); 13C 
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NMR (CDCl3, 125 MHz) δ 157.51, 155.43, 151.32, 139.52, 115.84, 111.96, 108.01, 97.80, 84.33, 
56.26, 55.42, 55.00, 45.96, 44.34, 41.51, 33.80, 31.57, 29.91, 26.68, 26.10, 23.31, 22.42, 18.34, –
4.27, –4.69; IR (neat) 2953 (s), 2930 (s), 2856 (m), 1590 (s), 1455 (s), 1371 (m), 1285 (m), 1255 
(m), 1202 (m), 1163 (s), 1074 (s), 1004 (m), 833 (s), 722 (m) cm-1; HRMS (ESI+) Calcd. for 
C27H44ClO3Si [M+H]+: 479.2748; Found 479.2733. 
trisubstituted ene-ol (1.109). Exocyclic alkene 1.108 (1.00 g, 2.09 mmol, 
1.0 equiv) and RhCl3⋅H2O (87.3 mg, 0.417 mmol, 0.2 equiv) were weighed 
into a 100 mL round bottom flask equipped with a magnetic stirbar and 
dissolved in 21 mL of CHCl3 and 21 mL of EtOH. The resulting deep red 
solution was refluxed for a period of 2.5 days, during which time the solution got darker and a 
metallic precipitate formed. The reaction mixture was concentrated, and the crude residue was 
purified by flash column chromatography (60% Et2O in pentane) to afford the desired 
product 1.109 as a white solid (749 mg, 98.2%), mp 44-48 °C. 
ሾߙሿ஽ଶ଴ = –130.65 (c 0.39, CHCl3); Rf = 0.36 (50% Et2O in pentane); 1H NMR (CDCl3, 500 
MHz) δ 6.45 (d, J = 2.7 Hz,1H), 6.38 (d, J = 2.7 Hz, 1H), 5.58-5.62 (m, 1H), 3.86 (s, 3H), 3.76 (s, 
3H), 3.56 (ddd, J = 8.8, 6.1, 6.1 Hz, 1H), 3.19 (d, J = 12.9 Hz, 1H), 2.75 (d, J = 13.2 Hz, 1H), 
2.12-1.95 (m, 3H), 1.85 (dddd, J = 6.1, 6.1, 6.1, 6.1 Hz, 1H), 1.73-1.66 (m, 1H), 1.46 (s, 3H), 
1.42-1.32 (m, 2H), 1.16 (s, 3H), 1.09-0.99 (m, 1H), 0.94 (s, 3H); 13C NMR (CDCl3, 125 
MHz) δ 158.02, 155.65, 141.40, 139.51, 122.22, 116.08, 108.25, 97.96, 82.56, 56.29, 55.95, 
55.53, 43.45, 42.90, 39.97, 34.98, 31.60, 26.58, 25.23, 22.14, 21.50; IR (neat) 3407 (bm), 2956 
(m), 2873 (m), 1590 (s), 1455 (s), 1329 (m), 1202 (m), 1162 (s), 1118 (m), 1036 (m), 811 (w) cm-





β-methyl ketone (1.110). To a solution of racemic keto-alkene 1.52 (18.6 
mg, 0.0513 mmol, 1.0 equiv) in 0.3 mL of CH2Cl2 at room temperature, 
PtO2 (1.2 mg, 0.00513 mmol, 0.1 equiv) was added as a solid. With 
vigorous stirring, the suspension was purged for 1 minute with hydrogen 
from a balloon, during which time the brown PtO2 turned black, 
signifying reduction to the active Pt(0). The reaction was stirred for 3.5 hours under a positive 
pressure of hydrogen and then filtered through Celite® 545. After removal of solvent, 1H NMR 
analysis of the crude mixture showed incomplete conversion, so the material was resubjected to 
the reaction conditions. After another 6 hours of stirring under hydrogen atmosphere, the 
suspension was again filtered and concentrated. Purification by flash column chromatography 
(15% Et2O, 75% pentane, 10% CH2Cl2) afforded the desired β-methyl product 1.110 (12.1 mg, 
64.6%), mp 131-133 °C as well as the corresponding α-methyl diastereomer 1.111 (6.3 mg, 
33.7%), mp 147-149 °C. X-ray quality single crystals for each compound were obtained by 
crystallization from hot Et2O and hexanes (approx. 5:1 v/v). 
Rf = 0.43 (30% Et2O in pentane); 1H NMR (CDCl3, 500 MHz) δ 6.42 (d, J = 2.9 Hz, 1H), 6.41 
(d, J = 2.7 Hz, 1H), 3.89 (s, 3H), 3.80 (s, 3H), 3.02 (d, J = 13.7 Hz, 1H), 2.63 (d, J = 13.7 Hz, 
1H), 2.32-2.23 (m, 1H), 2.09-1.97 (m, 3H), 1.88 (d, J = 7.6 Hz, 1H) 1.79-1.70 (m, 1H), 1.53-1.45 
(m, 1H), 1.33-1.27 (m, 1H), 1.20-1.04 (m, 2H), 1.00 (d, J = 6.8 Hz, 3H), 0.93 (s, 3H), 0.71 (s, 
3H); 13C NMR (CDCl3, 125 MHz) δ 222.16, 158.01, 155.88, 138.93, 116.17, 108.63, 97.80, 
56.33, 55.55, 49.60, 49.39, 42.14, 41.71, 37.07, 34.74, 30.23, 27.81, 27.41, 21.05, 17.37, 15.89; 
IR (neat) 2961 (m), 2926 (m), 1732 (s), 1589 (s), 1454 (s), 1329 (m), 1202 (s), 1164 (s), 1087 




α-methyl ketone (1.111). Isolated as the minor diastereomer in the 
procedure for compound 1.110. 
Rf = 0.31 (15% Et2O, 10% CH2Cl2 in pentane); 1H NMR (CDCl3, 500 
MHz) δ 6.46 (d, J = 2.9 Hz, 1H), 6.40 (d, J = 2.9 Hz, 1H), 3.88 (s, 3H), 
3.78 (s, 3H), 3.07 (d, J = 13.4 Hz, 1H), 2.82 (d, J = 13.7 Hz, 1H), 2.41 
(ddd, J = 19.3, 8.5, 2.4 Hz, 1H), 2.28 (ddd, J = 10.5, 7.0, 0 Hz, 1H), 2.19-2.10 (m, 1H), 1.87-1.74 
(m, 2H), 1.74-1.65 (m, 1H), 1.51 (m, 3H), 1.38 (s, 3H), 1.27-1.21 (m, 1H), 1.10 (d, J = 7.0 Hz, 
3H), 0.76 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 222.87, 158.05, 156.01, 139.90, 116.15, 
109.01, 97.26, 56.32, 55.58, 49.76, 48.71, 39.01, 37.49, 35.86, 35.01, 28.95, 26.32, 23.85, 22.18, 
20.86, 16.19; IR (neat) 2963 (m), 2877 (m), 1732 (s), 1590 (s), 1455 (s), 1327(m), 1201 (s), 1162 
(s), 1092 (m), 1035 (m), 732 (m) cm-1; HRMS (ESI+) Calcd. for C21H30ClO3 [M+H]+: 365.1884; 
Found 365.1885 
ene-decalone (1.115). In a drybox, Sc(OTf)3 (5.2 mg, 0.011 mmol, 0.05 
equiv) was weighed directly into a 1.5 mL vial equipped with a magnetic 
stirbar. A solution of ketone 1.52 (76.6 mg, 0.211 mmol, 1.0 equiv) in 
CDCl3 (0.8 mL) was transferred directly to the solid Sc(OTf)3. The cloudy 
gray suspension was stirred for 15 minutes at which point TMSD (215 μL, 
0.422 mmol, 2.0 equiv, 1.96 M in hexanes) was introduced dropwise. The entire reaction mixture 
(including any residual solids) was transferred via glass pipette to a J. Young NMR tube, and the 
vial was rinsed with an additional 0.2 mL of CDCl3. The reaction tube was removed from the 
drybox, connected to a nitrogen manifold, and placed in an oil bath pre-heated to 50 °C. After 16 
hours of heating, the reaction was cooled to room temperature. 1H NMR analysis indicated 
complete conversion and an approximate 8.5:1 ratio of regioisomeric silyl products. The reaction 
mixture was rinsed from the NMR tube with Et2O (5 mL) and concentrated to give a crude yellow 
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oil. The crude mixture was immediately dissolved in 4 mL of 1:1 (v/v) 1N HCl: THF and stirred 
for 2 hours. The reaction mixture was poured into saturated NaHCO3 (20 mL) and the products 
were extracted with Et2O (3 x 20 mL). The combined organics were washed with saturated 
aqueous NaCl (50 mL), dried over Na2SO4, filtered, and concentrated. Purification by flash 
column chromatography (18% ethyl acetate in hexanes) provided the desired homologated 
ketone 1.115 as a colorless oil (71.1 mg, 88.9%) as well as the minor regioisomer as a colorless 
oil (8.6 mg, 10.8%). 
ሾߙሿ஽ଶ଴ = 4.12 (c 1.33, CHCl3); Rf = 0.35 (18% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 
MHz) δ 6.46 (d, J = 2.7 Hz, 1H), 6.39 (d, J = 2.7 Hz, 1H), 5.54-5.51 (m, 1H), 3.87 (s, 3H), 3.74 
(m, 3H), 3.2–15 (d, J = 14.4 Hz, 1H), 2.83 (d, J = 14.4 Hz, 1H), 2.63-2.56 (m , 1H), 2.48-2.44 (m, 
1H), 2.12 (ddd, J = 8.1, 4.9, 0 Hz, 1H), 2.09-2.03 (m, 1H), 1.93-1.86 (m, 1H), 1.81-1.72 (m, 4H), 
1.64-1.53 (m, 2H), 1.34 (s, 3H), 1.01 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 216.38, 158.10, 
155.76, 139.31, 138.47, 121.64, 115.92, 107.47, 97.82, 56.29, 55.52, 49.03, 48.89, 42.66, 40.15, 
36.66, 32.58, 26.44, 24.27, 24.05, 23.22, 20.19; IR (neat) 2963 (m), 2940 (m), 1701 (s), 1590 (s), 
1454 (s), 1330 (m), 1203 (s), 1163 (s), 1087 (m), 1036 (w), 830 (w) cm-1; HRMS (ESI+) Calcd. 
for C22H30ClO3 [M+H]+: 377.1884; Found 377.1891.  
trisubstituted ene-one (1.118). Alcohol 1.124 (208 mg, 0.473 mmol, 1.0 
equiv) was weighed into a 10 mL round bottom flask equipped with a 
magnetic stirbar and dissolved in 4.7 mL of wet CH2Cl2. Dess-Martin 
Periodinane (602 mg, 1.42 mmol, 3.0 equiv) was then added as a solid and 
the reaction mixture was stirred for 1.5 hours at room temperature. The 
reaction mixture was poured into 1 N NaOH (20 mL), and the product was extracted with CH2Cl2 
(3x10 mL). The combined organics were dried over Na2SO4, filtered, and concentrated. 
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Purification by column chromatography (12% ethyl acetate in hexanes) afforded the desired 
compound 1.118 as a colorless oil (203 mg, 97.8%, 2 steps). 
ሾߙሿ஽ଶ଴ = –84.42 (c 0.95, CHCl3); Rf = 0.33 (15% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 
MHz) δ 7.40-7.30 (m, 5h), 7.09 (d, J = 8.8 Hz, 1H), 6.77 (d, J = 8.8 Hz, 1H), 5.29-5.26 (m, 1H), 
4.96 (d, J = 11.0 Hz, 1H), 4.90 (d, J = 11.2 Hz, 1H), 3.87 (s, 3H), 3.20 (d, J = 13.2, Hz, 1H), 2.77 
(d, J = 13.0 Hz, 1H), 2.32 (dd, J = 18.6, 7.6 Hz, 1H), 2.18 (dd, J = 11.7, 6.4 Hz, 1H), 2.13-2.05 
(m, 1H), 2.05-1.98 (m, 1H), 1.91-1.83 (m, 1H), 1.72 (dddd, J = 18.1, 2.0, 2.0, 2.0 Hz, 1H), 1.50-
1.45 (m, 3H), 1.34 (dddd, J = 12.2, 12.2, 12.2, 8.5 Hz, 1H), 1.25 (s, 3H), 0.94 (s, 3H); 13C NMR 
(CDCl3, 125 MHz) δ 223.13, 151.52, 148.33, 139.33, 137.56, 132.77, 128.51, 128.40, 128.22, 
127.75, 124.73, 119.92, 111.18, 74.92, 56.03, 54.11, 47.07, 41.61, 37.68, 36.04, 30.82, 25.03, 
23.58, 21.89, 21.05; IR (neat) 2966 (bm), 2935 (bw), 1736 (s), 1464 (bs), 1372 (m), 1277 (s), 
1242 (bm), 1076 (m), 984 (bm), 798 (m), 698 (m) cm-1; HRMS (ESI+) Calcd. for 
C27H34ClO3 [M+H]+: 439.2040; Found 439.2037. 
 
keto-tert-butyldimethylsilyl ether (1.120).  To a solution of keto-alcohol 
1.75 (1.03 g, 2.32 mmol, 1.0 equiv) in 12 mL of DMF were added 
imidazole (474 mg, 6.97 mmol, 3.0 equiv) and TBSCl (1.05 g, 6.97 mmol, 
3.0 equiv) sequentially as solids. After stirring 5 hours at room 
temperature, 5 mL of methanol was added and the reaction was stirred for 
an additional 15 minutes. The reaction mixture was then poured into saturated NH4Cl (20 mL) 
and the product was extracted with Et2O (5 x 10 mL). The combined organics were washed with 
1 N HCl (30 mL), H2O (30 mL), saturated aqueous NaCl (30 mL), dried over Na2SO4, filtered, 
and concentrated to afford the desired product 1.120 as a viscous oil that was used without further 










ሾߙሿ஽ଶ଴ = –31.95 (c 0.87, CHCl3); 1H NMR (CDCl3, 500 MHz) δ 7.40-7.32 (m, 5H), 7.04 (d, J = 
8.8 Hz, 1H), 6.76 (d, J = 9.0 Hz, 1H), 5.02 (d, J = 11.2 Hz, 1H), 4.91 (d, J = 11.0 Hz, 1H), 3.83 
(s, 3H), 3.66 (dd, J = 7.3, 5.9 Hz, 1H), 3.42 (d, J = 13.4 Hz, 1H), 2.86 (d, J = 13.4 Hz, 1H), 2.61 
(ddd, J = 17.4, 5.9, 5.9 Hz, 1H), 2.07-1.97 (m, 2H), 1.84-1.77 (m, 1H), 1.77-1.67 (m, 2H), 1.52-
1.44 (m, 1H), 1.44-1.36 (m, 1H), 1.10 (s, 3H), 0.91 (s, 9H), 0.80 (s, 3H), 0.03-0.02 (m, 6H); 13C 
NMR (CDCl3, 125 MHz) δ 215.05, 151.19, 147.94, 137.56, 130.67, 128.79, 128.55, 128.32, 
127.28, 124.39, 111.91, 80.62, 75.12, 56.89, 56.09, 52.03, 42.41, 37.09, 35.24, 32.13, 32.06, 
27.20, 26.01, 25.26, 19.14, 18.24, –4.21, –4.77; IR (neat) 2956 (bs), 2876 (bm), 1705 (s), 1465 
(bs), 1377 (bw), 1277 (s), 1214 (m), 1115 (bm), 1060 (s), 981 (bm), 836 (s), 775 (s), 698 (m) cm-
1; HRMS (ESI+) Calcd. for C32H46ClO4Si [M+H]+: 557.2854; Found 557.2836. 
tert-butyldimethylsilyl ether-alkene (1.121). In a drybox, NaH (92.6 mg, 
3.86 mmol, 7.0 equiv) was weighed into a 2-neck, 25 mL round bottom 
flask equipped with a magnetic stirbar. After removing the flask from the 
drybox, a reflux condenser was installed. 4.2 mL of DMSO was added, and 
the suspension was heated to 75 °C for 1 hour. During this time, the 
reaction became homogeneous, forming a teal-colored, clear solution. This solution was cooled to 
room temperature, and a solution of Ph3PCH3I (2.01 mg, 4.96 mmol, 9.0 equiv) in 6.8 mL of 
DMSO was added over 30 minutes via syringe pump. Upon addition of the salt solution, the 
reaction mixture became bright yellow. After completion of the addition, the mixture was stirred 
for an additional 30 minutes at room temperature, at which point a solution of ketone 1.120 (307 
mg, 0.551 mmol, 1.0 equiv) in 1.5 mL of DMSO and 1.5 mL of THF was added dropwise. The 
reaction mixture was then heated to 75 °C and stirred for 16 hours. The resulting amber solution 
was cooled to room temperature and acidified by the addition of 5 mL of saturated aqueous 
NH4Cl. The reaction mixture was diluted with H2O (15 mL), poured into a separatory funnel, and 
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the product was extracted with Et2O (3 x 20 mL). The combined organics were washed with H2O 
(25 mL), saturated aqueous NaCl (20 mL), dried over Na2SO4, filtered, and concentrated. 
Purification by flash column chromatography (20% Et2O in pentane) afforded the desired 
compound 1.121 as a white solid (296 mg, 96.7%), mp 98-105 °C. 
ሾߙሿ஽ଶ଴ = 15.37 (c 1.05, CHCl3); Rf = 0.33 (3% Et2O in pentane); 1H NMR (CDCl3, 500 
MHz) δ 7.43-7.29 (m, 5H), 7.04 (d, J = 8.8 Hz, 1H) 6.73 (d, J = 8.8 Hz, 1H), 4.98-4.81 (m, 2H), 
4.75-4.71 (m, 1H), 4.35-4.30 (m, 1H), 3.84 (s, 3H), 3.51 (dd, J = 5.9, 2.0 Hz, 1H), 3.36 (d, J = 
13.2 Hz, 1H), 2.76-2.65 (m, 1H), 2.73 (d, J = 12.9 Hz, 1H), 2.05-1.93 (m, 2H), 1.93-1.84 (m, 
1H), 1.77-1.68 (m, 1H), 1.43-1.34 (m, 1H), 1.30-1.20 (m, 1H), 1.20-1.09 (m, 2H), 1.14 (s, 3H), 
0.92 (s, 9H), 0.82 (s, 3H), 0.04 (s, 3H), 0.03 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 151.93, 
151.25, 148.43, 137.74, 133.02, 128.62, 128.49, 128.10, 127.82, 124.31, 111.03, 110.56, 83.86, 
75.02, 56.04, 55.78, 45.67, 43.81, 38.05, 33.26, 31.72, 30.03, 26.65, 26.12, 23.10, 22.71, 18.32, –
4.26, –4.69; IR (neat) 2954 (bs), 2933 (bs), 2856 (bm), 1463 (s), 1438 (m), 1371 (bw), 1277 (bm), 
1074 (bs), 1006 (m), 836 (s), 740 (m), 697 (m) cm-1; HRMS (ESI+) Calcd. for 
C33H48ClO3Si [M+H]+: 555.3061; Found 555.3084. 
1,1-disubstituted ene-ol (1.121). To a solution of tert-butyldimethylsilyl 
ether 1.121 (1.27g, 2.29 mmol, 1.0 equiv) in 5.7 mL of THF was added 
TBAF•xH2O (10.5 g, 37.5 mmol, 16.4 equiv) as a solid. The resulting 
suspension was then sonicated (60 W) continuously at 50 °C for 12 hours, 
during which time the reaction mixture became homogenous. The reaction 
mixture was directly loaded onto a plug of silica gel and eluted with ethyl acetate to afford the 




ሾߙሿ஽ଶ଴ = 34.99 (c 0.96, CHCl3); Rf = 0.48 (50% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 
MHz) δ 7.42-7.30 (m, 5H), 7.04 (d, J = 8.8 Hz, 1H), 6.73 (d, J = 8.8 Hz, 1H), 4.97-4.85 (m, 2H), 
4.77-4.74 (m, 1H), 4.37-4.33 (m, 1H), 3.84 (s, 3H), 3.56 (ddd, J = 5.6, 4.2, 1.2 Hz, 1H), 3.33 (d, J 
= 12.9 Hz, 1H), 2.75-2.63 (m, 1H), 2.73 (d, J = 13.2 Hz, 1H), 2.04-1.92 (m, 3H), 1.81-1.72 (m, 
1H), 1.46-1.38 (m, 1H), 1.37-1.27 (m, 2H), 1.20 (s, 3H), 1.19-1.12 (m, 1H), 0.82 (s, 3H); 13C 
NMR (CDCl3, 125 MHz) δ 151.56, 151.18, 148.45, 137.83, 132.73, 128.53, 128.47, 128.07, 
127.77, 124.25, 111.06, 110.79, 83.99, 75.10, 56.02, 55.30, 45.32, 43.56, 37.89, 33.02, 30.71, 
29.79, 26.45, 22.60, 21.87; IR (neat) 3377 (bw), 3058 (bw), 2917 (bw), 2848 (bw), 1647 (bw), 
1479 (m), 1295 (bm), 1063 (bs), 925 (bm), 737 (s), 688 (bs) cm-1; HRMS (ESI+) Calcd. for 
C27H34ClO3 [M+H]+: 441.2196; Found 441.2174. 
1,1-disubstituted ene-one (1.123). Alcohol 1.121 (1.01 g, 2.29 mmol, 1.0 
equiv) was weighed into a 50 mL round bottom flask equipped with a 
magnetic stirbar and dissolved in 23 mL of wet CH2Cl2. The solution was 
cooled to 0 °C  and Dess-Martin Periodinane (2.91 g, 6.87 mmol, 3.0 equiv) 
was added as a solid. The reaction mixture was stirred for 12 hours at 4 °C, at 
which point additional Dess-Martin Periodinane (2.02 g, 4.58 mmol, 2.0 equiv) and 50 μL of H2O 
were added. The reaction was warmed to room temperature and stirred for an additional hour. 
The reaction mixture was poured into 1 N NaOH (100 mL), and the product was extracted with 
CH2Cl2 (3x25 mL). The combined organics were dried over Na2SO4, filtered, and concentrated. 
Purification by column chromatography (20% ethyl acetate in hexanes) afforded the desired 
compound 1.123 as a white foam (1.00 g, quantitative), mp 95-98 °C. 
ሾߙሿ஽ଶ଴ = 11.12 (c 1.17, CHCl3); Rf = 0.27 (20% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 
MHz) δ 7.40-7.30 (m, 5H), 7.06 (d, J = 8.8 Hz, 1H), 6.76 (d, J = 8.8 Hz, 1H), 4.98-4.86 (m, 2H), 
4.80-4.77 (m, 1H), 4.43-4.39 (m, 1H), 3.86 (s, 3H), 3.34 (d, J = 12.9 Hz, 1H), 2.74 (d, J = 12.9 
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Hz, 1H), 2.71-2.60 (m, 1H), 2.38 (dd, J = 19.3, 8.5 Hz, 1H), 2.11-1.96 (m, 2H), 1.92-1.81 (m, 
2H), 1.52-1.42 (m, 1H), 1.35 (ddd, J = 13.4, 13.4, 3.9 Hz, 1H), 1.23 (s, 3H), 1.20-1.12 (m, 1H), 
0.89 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 222.21, 151.19, 150.50, 148.50, 137.64, 132.08, 
128.64, 128.54, 128.27, 127.63, 124.34, 111.32, 111.24, 75.30, 57.35, 56.03, 48.82, 43.20, 38.17, 
35.51, 30.61, 29.22, 21.81, 21.58, 21.49; IR (neat) 2935 (bm), 2856 (bw), 1734 (s), 1575 (w), 
1464 (bs), 1406 (m), 1277 (s), 1234 (bm), 1072 (m), 978 (bm), 896 (bm), 798 (m), 698 (m) cm-1; 
HRMS (ESI+) Calcd. for C27H32ClO3 [M+H]+: 439.2040; Found 439.2024. 
trisubstituted ene-ol (1.124). tert-butyldimethylsilyl ether-alkene 1.121 
(263 mg, 0.473 mmol, 1.0 equiv) and RhCl3•H2O (14.7 mg, 0.0702 mmol, 
0.15 equiv) were weighed into 5 mL 2-neck round bottom flask equipped 
with a magnetic stirbar and a reflux condenser and dissolved in 1.2 mL of 
EtOH and 1.2 mL of CHCl3. The resulting deep red solution then was heated 
to 55 °C for 15 hours. The reaction mixture was then cooled to room temperature and 
concentrated. The crude residue was purified by column chromatography (25% ethyl acetate in 
hexanes) to afford the desired compound 1.124 as a clear oil that was used directly in the next 
step. 
ሾߙሿ஽ଶ଴ = –103.49 (c 0.85, CHCl3); Rf = 0.38 (30% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 
MHz) δ 7.45-7.41 (m, 2H), 7.39-7.30 (m, 3H), 7.07 (d, J = 8.8 Hz, 1H), 6.75 (d, J = 8.8 Hz, 1H), 
5.35-5.32 (m, 1H), 4.94 (d, J = 11.0 Hz, 1H), 4.88 (d, J = 11.0 Hz, 1H), 3.86 (s, 3H), 3.52 (ddd, J 
= 6.1, 6.1, 0 Hz, 1H), 3.24 (d, J = 12.9 Hz, 1H), 2.75 (d, J = 12.9 Hz, 1H), 2.07-2.01 (m, 1H), 
1.92-1.85 (m, 1H), 1.84-1.76 (m, 2H), 1.67 (dddd, J = 15.3, 7.6, 7.6, 2.0 Hz, 1H), 1.47-1.43 (m, 
3H), 1.39-1.30 (m, 2H), 1.14 (s, 3H), 1.11-1.02 (m, 1H), 0.87 (s, 3H); 13C NMR (CDCl3, 125 
MHz) δ 151.49, 148.35, 140.37, 137.71, 133.32, 128.45, 128.40, 128.09, 127.78, 124.63, 121.62, 
111.00, 82.91, 74.81, 56.01, 55.17, 42.96, 42.51, 36.88, 34.60, 31.52, 26.91, 24.69, 22.15, 21.29; 
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IR (neat) 3389 (bw), 3064 (bw), 2955 (bm), 2873 (bm), 1574 (w), 1464 (bs), 1373 (m), 1276 (s), 
1178 (m), 1074 (bm), 981 (bm), 797 (m), 697 (m) cm-1; HRMS (ESI+) Calcd. for 
C27H33ClO3 [M+H]+: 441.2196; Found 441.2182. 
 
1,1-disubstituted ene-decalone (1.125). In a drybox, Sc(OTf)3 (4.2 mg, 
0.00857 mmol, 0.05 equiv) was weighed directly into a J. Young NMR tube. 
A solution of ketone 1.123 (75.2 mg, 0.171 mmol, 1.0 equiv) in 0.48 mL of 
CDCl3 was transferred directly to the solid Sc(OTf)3. The cloudy gray 
suspension was allowed to stand for 15 minutes at which point TMSD (174 μL, 0.342 mmol, 2.0 
equiv, 2.47 M in hexanes) was introduced dropwise. The reaction tube was removed from the 
drybox, connected to a nitrogen manifold, and allowed to stand at room temperature for 12 hours. 
The reaction mixture was then warmed to 50 °C for 48 hours. 1H NMR analysis indicated 
complete conversion and an approximate 5:1 ratio of regioisomeric silyl products. The reaction 
mixture was poured into H2O (5 mL), and the products were extracted with Et2O (20 mL). The 
organics were washed with saturate aqueous NaCl (10 mL), dried over Na2SO4, filtered, and 
concentrated. The enol-silane products were then purified by column chromatography (7% ethyl 
acetate in hexanes). The purified product mixture was then dissolved in 2 mL of THF, 
TBAF•xH2O (95.8 mg, 0.342 mmol, 2.0 equiv) was added as a solid, and the reaction mixture 
was allowed to stir for 10 minutes at room temperature. The solution was concentrated and 
purified by column chromatography (15 to 25% ethyl acetate in hexanes) to afford the desired 
1.125 as a white solid (53.4 mg, 68.8%), mp 88-92 °C as well as the minor regioisomer 1.126 as a 
colorless oil (6.5 mg, 8.4%).  
ሾߙሿ஽ଶ଴ = 8.23 (c 0.65, CHCl3); Rf = 0.34 (15% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 
MHz) δ 7.40-7.30 (m, 5H), 7.05 (d, J = 8.8 Hz, 1H), 6.75 (d, J = 8.8 Hz, 1H), 4.97 (d, J = 11.0 
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Hz, 1H), 4.88 (d, J = 11.0 Hz, 1H), 4.77-4.74 (m, 1H), 4.46-4.43 (m, 1H), 3.86 (s, 3H), 3.37 (d, J 
= 12.9 Hz, 1H), 2.82 (d, J = 12.9 Hz, 1H), 2.63 (ddd, J = 13.9, 4.4, 4.4 Hz, 1H), 2.45-2.37 (m, 
1H), 2.33-2.26 (m, 1H), 2.12 (ddd, J = 14.6, 5.1, 5.1 Hz, 1H), 1.95-1.76 (m, 4H), 1.59-1.49 (m, 
1H), 1.38-1.31 (m, 2H), 1.33 (s, 3H), 0.90 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 216.60, 
151.80, 151.31, 148.28, 137.69, 132.98, 128.55, 128.25, 127.59, 124.43, 111.07, 110.30, 75.16, 
56.00, 55.82, 50.90, 44.72, 39.92, 37.07, 32.57, 29.70, 24.24, 24.16, 22.82; IR (neat) 3087 (bw), 
2938 (bm), 2861 (bm), 1698 (s), 1575 (w), 1462 (s), 1438 (m), 1372 (m), 1276 (s), 1214 (bm), 
980 (bm), 798 (m), 698 (m) cm-1; HRMS (ESI+) Calcd. for C28H34ClO3 [M+H]+: 453.2196; 
Found 453.2209. 
 
1,1-disubstituted ene-decalone (1.126). Isolated as the minor 
diastereomer in the procedure for compound 1.125. 
ሾߙሿ஽ଶ଴ = 25.56 (c 0.59, CHCl3); Rf = 0.25 (15% ethyl acetate in hexanes); 
1H NMR (CDCl3, 500 MHz) δ 7.42-7.32 (m, 5H), 7.6 (d, J = 8.8 Hz, 1H), 
6.76 (d, J = 8.8 Hz, 1H), 5.01 (d, J = 10.2, 1H), 5.01 (d, J = 10.2 Hz, 1H), 4.89 (d, J = 11.2 Hz, 
1H), 4.76-4.72 (m, 1H), 4.43-4.39 (m, 1H), 3.86 (s, 3H), 3.38 (d, J = 12.9 Hz, 1H), 2.88 (d, J = 
13.2 Hz, 1H), 2.67-2.58 (m, 1H), 2.24 (d, J = 13.9, 1H), 2.24-2.18 (m, 2H), 2.08 (ddd, J = 14.6, 
4.4, 4.4 Hz, 1H), 2.03-1.96 (m, 1H), 1.97 (d, J = 13.7, 1H), 1.76-1.69 (m, 1H), 1.52-1.44 (m, 2H), 
1.31-1.24 (m, 1H), 1.18 (s, 3H), 0.90 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 212.83, 151.32, 
151.06, 148.34, 137.92, 132.92, 128.55, 128.48, 128.19, 127.63, 124.42, 111.14, 110.74, 75.12, 
56.20, 56.05, 53.03, 44.95, 40.33, 40.24, 39.50, 34.10, 31.46, 29.98, 26.03, 23.18; IR (neat) 3086 
(bw), 2936 (bm), 2853 (bm), 1716 (s), 1464 (s), 1438 (bm), 1373 (bw), 1275 (s), 1215 (bm), 1102 





trisubstituted ene-decalone (1.127). In a drybox, Sc(OTf)3 (6.5 mg, 
0.0146 mmol, 0.045 equiv) was weighed directly into a 1.5 mL vial 
equipped with a magnetic stirbar. A solution of ketone 1.118 (128 mg, 
0.292 mmol, 1.0 equiv) in CDCl3 (0.53 mL) was transferred directly to the 
solid Sc(OTf)3. The cloudy gray suspension was stirred for 15 minutes at 
which point TMSD (236 μL, 0.583 mmol, 2.0 equiv, 2.47 M in hexanes) was introduced 
dropwise. The entire reaction mixture (including any residual solids) was transferred via glass 
pipette to a J. Young NMR tube, and the vial was rinsed with an additional 0.2 mL of CDCl3. The 
reaction tube was removed from the drybox, connected to a nitrogen manifold, and placed in an 
oil bath pre-heated to 50 °C. After 16 hours of heating, the reaction was cooled to room 
temperature. 1H NMR analysis indicated complete conversion. The reaction mixture was poured 
into H2O (5 mL), and the product was extracted with Et2O (20 mL). The organics were washed 
with saturate aqueous NaCl (10 mL), dried over Na2SO4, filtered, and concentrated. The crude 
residue was then dissolved in 2 mL of THF, TBAF•xH2O (164 mg, 0.584 mmol, 2.0 equiv) was 
added as a solid, and the reaction mixture was allowed to stir for 10 minutes at 23 °C. The 
solution was concentrated and purified by column chromatography (15% ethyl acetate in 
hexanes) to afford the desired 1.127 as a colorless oil (124 mg, 93.4%). 
ሾߙሿ஽ଶ଴ = –32.35 (c 0.83, CHCl3); Rf = 0.57 (30% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 
MHz) δ 7.42-7.39 (m, 2H), 7.38-7.30 (m, 3H), 7.09 (d, J = 8.8 Hz, 1H), 6.77 (d, J = 8.8 Hz, 1H), 
5.36-5.32 (m, 1H), 4.96 (d, J = 10.7 Hz, 1H), 4.88 (d, J = 10.7 Hz, 1H), 3.88 (s, 3H), 3.14 (d, J = 
13.7 Hz, 1H), 2.99 (d, J = 13.9 Hz, 1H), 2.50 (ddd, J = 14.6, 12.6, 6.8, 1H), 2.46-2.40 (m, 1H), 
2.39-2.35 (m, 1H), 2.27-2.21 (m, 1H), 1.93-1.86 (m, 1H), 1.78-1.72 (m, 1H), 1.68-1.66 (m, 3H), 
1.64-1.58 (m, 1H), 1.35 (s, 3H), 1.34-1.18 (m, 2H), 0.82 (s, 3H); 13C NMR (CDCl3, 125 
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MHz) δ 216.42, 151.57, 148.21, 139.89, 137.28, 133.52, 128.72, 128.56, 128.29, 127.58, 124.82, 
119.27, 111.02, 74.83, 55.97, 51.23, 49.70, 42.12, 37.94, 37.23, 32.88, 24.73, 24.47, 23.74, 
20.49; IR (neat) 3030 (bw), 2955 (bm), 2861 (bm), 1698 (s), 1574 (m), 1462 (bs), 1371 (m), 1276 
(s), 1214 (bm), 1080 (bs), 979 (bs), 924 (bm), 797 (s), 732 (bs), 697 (s) cm-1; HRMS (ESI+) 
Calcd. for C28H34ClO3 [M+H]+: 453.2196; Found 453.2210. 
 
keto-phenol (1.128). Benzyl ether 1.127 (103 mg, 0.277 mmol) was 
weighed into a 10 mL round bottom flask equipped with a magnetic stirbar. 
Approx. 2 mL of a Raney Nickel 4200 in methanol slurry was added, and the 
suspension was stirred at room temperature for 10 minutes. The suspension 
was filtered through Celite® rinsing with CH2Cl2 (10 mL) and concentrated. 
The crude residue was purified by column chromatography (20% ethyl acetate in hexanes) to 
afford the desired 1.128 as a white solid (66.5 mg, 80.7%), mp 131-134 °C. 
Rf = 0.18 (15% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 6.87 (d, J = 8.8 Hz, 1H), 
6.66 (d, J = 8.6 Hz, 1H), 5.94 (s, 1H), 5.43-5.40 (m, 1H), 3.88 (s, 3H), 3.19 (d, J = 13.9 Hz, 1H), 
3.15 (d, J = 13.9 Hz, 1H), 2.60 (ddd, J = 14.4, 13.0, 6.8 Hz, 1H), 2.54-2.45 (m, 2H), 2.35-2.29 
(m, 1H), 2.03-1.96 (m, 1H), 1.85-1.79 (m, 1H), 1.78-1.75 (m, 3H), 1.72-1.66 (m, 1H), 1.62-1.52 
(m, 1H), 1.49 (s, 3H), 1.39 (dddd, J = 12.5, 12.5, 12.5, 3.9 Hz, 1H), 0.94 (s, 3H); 13C NMR 
(CDCl3, 125 MHz) δ 216.90, 145.80, 145.24, 139.79, 128.74, 125.10, 120.19, 119.67, 109.10, 
56.29, 50.61, 50.04, 42.51, 37.45, 36.31, 33.02, 25.24, 24.79, 23.70, 23.40, 20.29; IR (neat) 3519 
(bw), 3401 (bw), 2939 (bm), 2862 (bw), 1695 (s), 1583 (w), 1464 (bs), 1439 (bs), 1373 (w), 1274 
(s), 1233 (s), 1197 (bw), 1081 (bm), 926 (m), 913 (m), 791 (m), 732 (m) cm-1; HRMS (ESI+) 




α-methyl keto-phenol (1.129). In a drybox, Crabtree’s catalyst (4.1 mg, 
0.00507 mmol, 0.2 equiv) was weighed into a 1.5 mL vial equipped with a 
magnetic stirbar. Keto-phenol 1.128 (9.2 mg, 0.0253 mmol, 1.0 equiv) was 
then transferred to the catalyst in 0.51 mL of CH2Cl2. With vigorous 
stirring, the solution was purged for 1 minute with hydrogen from a 
balloon, and then allowed to continue stirring for 4 hours under a positive pressure of hydrogen. 
The reaction mixture was then concentrated, and the crude residue dissolved in 1 mL of Et2O. 
The suspension was filtered through Celite® rinsing with an additional 15 mL of Et2O and 
concentrated. Purification by column chromatography (20% ethyl acetate in hexanes) afforded the 
undesired α-methyl product. X-ray quality single crystals were obtained by crystallization from 
hot ethyl acetate and hexanes (approx. 1:8 v/v). 
Rf = 0.30 (20% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 6.86 (d, J = 8.8 Hz, 1H), 
6.65 (d, J = 8.8 Hz, 1H), 5.91 (s, 1H), 3.87 (s, 3H), 3.04 (d, J = 13.9 Hz, 1H), 2.88 (d, J = 13.9 
Hz, 1H), 2.56 (ddd, J = 15.2, 10.0, 7.8 Hz, 1H), 2.41 (ddd, J = 4.9, 4.9, 0 Hz, 1H), 2.33-2.26 (m, 
1H), 2.10-1.92 (m, 4H), 1.87-1.77 (m, 1H), 1.75-1.62 (m, 2H), 1.40-1.31 (m, 2H), 1.38 (s, 3H), 
1.13 (d, J = 6.8 Hz, 3H), 0.80 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 217.66, 145.72, 145.17, 
128.70, 125.58, 120.14, 108.90, 56.26, 49.63, 49.02, 42.30, 39.53, 36.96, 33.38, 28.98, 28.53, 
26.52, 24.09, 23.64, 21.86, 16.22; IR (neat) 3524 (bw), 2938 (bm), 2878 (bm), 1695 (s), 1584 
(w), 1462 (bs), 1439 (bm), 1379 (w), 1275 (s), 1234 (m), 1081 (bm), 907 (m), 790 (m) cm-1; 






ketal protected 1,1-disubstituted ene-decalone (1.131). To a solution of 
ketone 1.125 (28.1 mg, 0.0620 mmol, 1.0 equiv) in 1.2 mL of THF and 
1.2 mL of ethylene glycol was added p-TsOH•H2O (11.8 mg, 0.0620 
mmol, 1.0 equiv) as a solid. The reaction mixture was stirred for 1 hour at 
room temperature, and was then poured into H2O (10 mL). The product 
was extracted with Et2O (3 x 5 mL), and the combined organics were washed with saturated 
aqueous NaHCO3 (10 mL), saturated aqueous NaCl (10 mL), dried over Na2SO4, filtered, and 
concentrated. Purification by preparatory TLC (15% ethyl acetate in hexanes) afforded the 
desired 1.131 as a clear oil (26.0 mg, 84.4%). 
Rf = 0.48 (20% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 7.43-7.29 (m, 5H), 7.03 
(d, J = 8.8 Hz, 1H), 6.72 (d, J = 8.8 Hz, 1H), 4.98-4.86 (m, 2H), 4.73 (dd, J = 1.7, 1.7 Hz, 1H), 
4.35-4.31 (m, 1H), 4.01-3.92 (m, 4H), 3.82 (s, 3H), 3.50 (d, 13.0 Hz, 1H), 3.86 (d, J = 13.0 Hz, 
1H), 2.74-2.59 (m, 1H), 2.06-1.97 (m, 1H), 1.80-1.71 (m, 2H), 1.70-1.62 (m, 1H), 1.60-1.53 (m, 
2H), 1.52-1.44 (m, 2H), 1.43-1.35(m, 1H), 1.20 (s, 3H), 1.09 (dddd, J = 13.4, 13.4, 13.4, 4.6 Hz, 
1H, 0.84 (s, 3H); 13C NMR (CDCl3, 100 MHz) δ 152.46, 151.28, 148.34, 137.87, 133.62, 128.51, 
128.49, 128.05, 124.24, 114.04, 110.99, 110.07, 105.18, 75.02, 64.90, 64.82, 56.04, 53.64, 45.46, 
44.36, 39.60, 30.30, 30.19, 29.16, 24.24, 22.91, 22.54, 21.09; IR (neat) 2952 (bm), 2869 (bm), 
1463 (s), 1438 (m), 1274 (m), 1180 (bw), 1086 (s), 985 (bm) cm-1; HRMS (ESI+) Calcd. for 
C30H38ClO4 [M+H]+: 497.2459; Found 497.2483. 
 
ketal protected trisubstituted ene-decalone (1.132). To a solution of 
ketone 1.127 (30.0 mg, 0.0662 mmol, 1.0 equiv) in 1.3 mL of THF and 1.3 
mL of ethylene glycol was added p-TsOH•H2O (12.6 mg, 0.0662 mmol, 1.0 
equiv) as a solid. The reaction mixture was stirred for 1 hour at room 
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temperature, and was then poured into H2O (10 mL). The product was extracted with Et2O (3 x 5 
mL), and the combined organics were washed with saturated aqueous NaHCO3 (10 mL), 
saturated aqueous NaCl (10 mL), dried over Na2SO4, filtered, and concentrated. Purification by 
preparatory TLC (15% ethyl acetate in hexanes) afforded the desired 1.132 as a clear oil (30.0 
mg, 91.2%). 
Rf = 0.67 (30% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 7.50-7.46 (m, 2H), 7.39-
7.29 (m, 3H), 7.07 (d, J = 8.8 Hz, 1H), 6.74 (d, J = 8.8 Hz, 1H), 5.30-5.26 (m, 1H), 5.00 (d, J = 
10.7 Hz, 1H), 4.86 (d, J = 11.0 Hz, 1H), 3.99-3.87 (m, 4H), 3.84 (s, 3H), 3.33 (d, J = 13.4 Hz, 
1H), 3.00 (d, J = 13.4 Hz, 1H), 2.29-2.21 (m, 1H), 2.17 (dd, J = 12.7, 3.4 Hz, 1H), 1.77-1.55 (m, 
8H), 1.48-1.37 (m, 1H), 1.23 (s ,3H), 0.96 (dddd, J = 13.4, 13.4, 13.4, 3.9 Hz, 1H), 0.82 (s, 3H); 
13C NMR (CDCl3, 125 MHz) δ 151.56, 148.39, 138.88, 137.71, 134.41, 128.52, 128.39, 128.06, 
127.98, 124.66, 120.15, 113.75, 110.86, 74.72, 65.20, 64.90, 55.98, 48.83, 42.99, 42.72, 38.43, 
31.46, 30.21, 25.01, 24.22, 22.95, 21.46, 20.55; IR (neat) 2946 (bm), 2880 (bm), 1463 (s), 1438 
(m), 1372 (m), 1277 (s), 1214 (bm), 1082 (s), 798 (m), 697 (m) cm-1; HRMS (ESI+) Calcd. for 
C30H38ClO4 [M+H]+: 497.2459; Found 497.2443. 
 
keto-tert-butyldimethylsilyl ether (1.S1). Carried out according to the 
general procedure for Birch reductive alkylation with tert-
butyldimethysilyl enone122 (85.6 mg, 0.291 mmol, 1.0 equiv) and 
iodide 1.70 (608 mg, 1.45 mmol, 5.0 equiv). The electrophile was not pre-
cooled, however, due to a lack of solubility below room temperature. 
Purification by flash column chromatography (20% ethyl acetate in hexanes) afforded the desired 
product 1.S1 as a semi-solid (89.9 mg, 52.6%). 
Rf = 0.34 (20% ethyl acetate in hexanes);  1H NMR (CDCl3, 500 MHz) δ 7.28 (d, J = 8.6 Hz, 2H), 
7.03 (d, J = 8.8 Hz, 1H), 6.87 (d, J = 8.6 Hz, 2H), 6.75 (d, J = 9.0 Hz, 1H), 4.98 (d, J = 11.0 Hz, 
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1H), 4.82 (d, J = 11.0 Hz, 1H), 3.83 (s, 3H), 3.81 (s, 3H), 3.67 (ddd, J = 7.6, 3.9, 0 Hz, 1H), 3.39 
(d, J = 13.4 Hz, 1H), 2.82 (d, J = 13.4 Hz, 1H), 2.61 (ddd, J = 17.4, 5.9, 5.9 Hz, 1H), 2.07-1.98 
(m, 2H), 1.82-1.68 (m, 3H), 1.51-1.36 (m, 2H), 1.09 (s, 3H), 0.91 (s, 9H), 0.78 (s, 3H), 0.032 (s, 
3H), 0.028 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 215.09, 159.81, 151.21, 147.88, 130.70, 
130.54, 129.75, 127.27, 124.30, 113.91, 111.84, 80.56, 74.80, 56.83, 56.08, 55.41, 52.07, 42.28, 
37.12, 35.26, 32.07, 32.03, 27.21, 26.01, 25.36, 19.16, 18.25, –4.19, –4.76; IR (neat) 2955 (bm), 
2933 (bm), 2857 (bw), 1704 (m), 1612 (w), 1514 (m), 1465 (bs), 1277 (bm), 1251 (bs), 1060 (m), 
836 (m), 776 (m) cm-1; HRMS (ESI+) Calcd. for C33H46ClO5Si [M-H]+: 585.2803; Found 
585.2799. 
 
 (3,5-dimethoxyphenyl)methanol (1.S2). In a drybox, LiAlH4 (2.08 g, 54.9 
mmol, 1.0 equiv) was weighed into a 250 mL round bottom flask equipped 
with a magnetic stirbar. After removing the flask from the drybox, 50 mL of 
THF was added, and the resulting grey suspension was cooled to 0 °C. In a 
separate flask, 3,5-dimethoxybenzoic acid (10.0 g, 54.9 mmol. 1.0 equiv) was suspended in 60 
mL of THF. The slurry of 3,5-dimethoxybenzoic acid was added to the LiAlH4 suspension via 
syringe, and the reaction mixture was allowed to warm slowly to room temperature and stir for 12 
hours. The dark grey solution was then re-cooled to 0 °C, and H2O (5 mL) was slowly added to 
quench the excess LiAlH4. The resulting thick slurry was warmed to room temperature and 
diluted with 50 mL of 1 N HCl. The reaction mixture was poured into a separatory funnel and the 
product was extracted with Et2O (3 x 60 mL). The combined organics were washed with H2O (2 x 
100 mL), saturated aqueous NaCl (100 mL), dried over Na2SO4, filtered, and concentrated to give 
1.S2 as a white solid that was used without any further purification (9.00 g, 97.5%), mp 45-48 °C. 
Rf = 0.16 (30% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 6.53 (d, J = 2.1 Hz, 2H), 
6.39 (t, J = 2.1 Hz, 1H), 4.64 (d, J = 6.1 Hz, 2H), 3.80 (s, 6H), 1.66 (t, J = 6.1 Hz, 1H); 13C NMR 
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(CDCl3, 125 MHz) δ 160.92, 143.53, 104.57, 99.51, 65.11, 55.33; IR (neat) 3346 (bm), 2938 
(bm), 2838 (m), 1594 (s), 1458 (s), 1428 (s), 1317 (m), 1202 (s), 1148 (s), 1058 (s), 1034 (s), 829 
(s), 688 (m) cm-1; HRMS (ESI+) Calcd. for C9H13O3 [M+H]+: 169.0865; Found 169.0863. 
 
1-(bromomethyl)-2-chloro-3,5-dimethoxybenzene (1.S3). Benzyl 
alcohol 1.78 (2.80 g, 13.8 mmol, 1.0 equiv) was dissolved in 46 mL of 
benzene, and the resulting homogeneous solution was cooled to 5 °C. 
PBr3 (0.49 mL, 5.11 mmol, 0.37 equiv) was added dropwise, and the 
reaction mixture was warmed to room temperature and stirred for 2.5 hours. The reaction was 
then quenched by the addition of 50 mL of H2O, the mixture was poured into a separatory funnel, 
and the product was extracted with Et2O (3 x 50 mL). The combined organics were washed with 
H2O (50 mL), saturated aqueous NaCl (50 mL), dried over Na2SO4, filtered, and concentrated to 
afford the desired product 1.S3 as a white solid that was used without further purification (3.01 g, 
82.1%), mp 100-102 °C. 
Rf = 0.37 (15% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 6.58 (d, J = 2.8 Hz, 1H), 
6.48 (d, J = 2.8 Hz, 1H), 4.57 (s, 2H), 3.88 (s, 3H), 3.82 (s, 3H); 13C NMR (CDCl3, 125 
MHz) δ 158.94, 156.25, 136.90, 114.59, 106.69, 100.26, 56.41, 55.71, 31.06; IR (neat) 3097 (w), 
2975 (m), 1585 (s), 1470 (s), 1432 (s), 1334 (s), 1200 (s), 1165 (s), 1082 (s), 1030 (s), 951 (s), 
819 (s), 721 (m), 673 (s) 610 (m) cm-1; HRMS (ESI+) Calcd. for C9H1179Br37ClO2 [M+H]+: 
266.9601; Found 266.9601. 
 
3-methoxy-2-(4-methoxybenzyloxy)benzaldehyde (1.S4). Solid K2CO3 (1.60 
g, 11.6 mmol, 3.0 equiv) was weighed into a 25 mL round bottom flask 
equipped with a magnetic stirbar. o-Vanillin (587 mg, 3.86 mmol, 1.0 equiv) in 
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6.4 mL of DMF was then added via cannula, at which point the suspension turned bright yellow. 
PMB-Cl (0.55 mL, 4.05 mmol, 1.05 equiv) was added, and the reaction was sonicated (60 W) 
continuously at 50 °C for 15 hours. The reaction mixture was diluted with H2O (50 mL), poured 
into a separatory funnel, and the product was extracted with ethyl acetate (3 x 20 mL). The 
combined organics were washed with 1 N NaOH (30 mL), 1 N HCl (2 x 30 mL), H2O (30 mL), 
saturated aqueous NaCl (30 mL), dried over Na2SO4, filtered, and concentrated to give 1.S4 as a 
white solid that was used without any further purification (1.06 g, quantitative), mp 42-45 °C. 
Rf = 0.27 (20% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 10.19 (s, 1H), 7.37 (dd, J 
= 7.6, 1.7 Hz, 1H), 7.30-7.27 (m, 2H), 7.20-7.10 (m, 2H), 6.87 (d, J = 8.6 Hz, 2H), 5.12 (s, 2H), 
3.96 (s, 3H), 3.80 (s,3H); 13C NMR (CDCl3, 125 MHz) δ 190.48, 159.98, 153.23, 151.14, 130.58, 
130.55, 128.59, 124.28, 119.10, 118.06, 114.08, 76.13, 56.21, 55.37; IR (neat) 2956 (bw), 2838 
(bw), 1688 (m), 1611 (w), 1584 (w), 1514 (m), 1480 (m), 1249 (bs), 1174 (m), 964 (bm) cm-1; 
HRMS (ESI+) Calcd. for C16H15O4 [M-H]+: 271.0970; Found 271.0960. 
 
 (3-methoxy-2-(4-methoxybenzyloxy)phenyl)methanol (1.S5). Aldehyde 
1.S4 (790 mg, 2.90 mmol, 1.0 equiv) was weighed into a 25 mL round bottom 
flask equipped with a magnetic stirbar and dissolved in 7.3 mL of ethanol. 
Sodium borohydride (93.3 mg, 2.47 mmol, 0.85 equiv) was added as a solid 
and the resulting suspension was stirred for 10 minutes at room temperature. The reaction mixture 
was diluted with water (20 mL), poured into a separatory funnel, and the product was extracted 
with ethyl acetate (3 x 20 mL). The combined organics were washed with saturated aqueous 
NaCl, dried over Na2SO4, filtered, and concentrated to give 1.S5 as a white solid (766 mg, 96.2%) 
that was used without any further purification, mp 67-70 °C.  
Rf = 0.21 (30% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 7.34 (d, J = 8.8 Hz), 7.05 
(dd, J = 8.1, 0 Hz), 6.93-6.88 (m, 4H), 5.3 (s, 2H), 4.52 (d, J = 5.6 Hz, 2H), 3.91 (s, 3H), 3.81 (s, 
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3H); 13C NMR (CDCl3, 125 MHz) δ 159.78, 152.66, 145.70, 135.21, 130.34, 129.79, 124.30, 
120.86, 114.02, 112.32, 74.81, 61.81, 56.00, 55.39; IR (neat) 3398 (bw), 2957 (bw), 2930 (bm), 
2872 (w), 1612 (m), 1586 (w), 1514 (s), 1478 (s), 1249 (bs), 1173 (s), 1032 (bs) cm-1; HRMS 
(ESI+) Calcd. for C16H17O4 [M-H]+: 273.1127; Found 273.1123. 
 
2-(benzyloxy)-3-(bromomethyl)-4-chloro-1-methoxybenzene (1.S6). 
Alcohol 1.81 (14.3 g, 51.3 mmol, 1.0 equiv) and CBr4 (22.1 g, 66.7 mmol, 
1.3 equiv) were weighed into a 250 mL round bottom flask equipped with a 
magnetic stirbar and dissolved in 103 mL of THF. The solution was cooled 
to 0 °C and PPh3 (17.5 g, 66.7 mmol, 1.3 equiv) was added as a solid. The reaction mixture was 
then warmed to room temperature, and after 10 minutes diluted with water (50 mL), poured into a 
separatory funnel, and the product was extracted with CH2Cl2 (3 x 50 mL). The combined 
organics were dried over Na2SO4, filtered, and concentrated. Purification by flash column 
chromatography (30% ethyl acetate in hexanes) afforded the product 1.S6 as a white solid (15.4 
g, 87.7%), mp 65-67 °C. 
Rf = 0.25 (5% Et2O in pentane); 1H NMR (CDCl3, 500 MHz) δ 7.55-7.52 (m, 2H), 7.43-7.33 (m, 
3H), 7.14 (d, J = 9.0 Hz, 1H), 6.86 (d, J = 9.0 Hz, 1H), 5.17 (s, 2H), 4.65 (s, 2H), 3.89 (s, 3H); 
13C NMR (CDCl3, 125 MHz) δ 151.94, 147.46, 137.29, 130.58, 128.67, 128.60, 128.56, 128.41, 
126.36, 125.09, 113.49, 75.16, 56.24, 25.51; IR (neat) 3030 (bw), 2837 (bw), 1579 (w), 1474 (s), 
1437 (m), 1372 (w), 1272 (s), 1236 (m), 1075 (m), 978 (bm), 802 (m), 696 (m) cm-1; HRMS 
(ESI+) Calcd. for C15H18BrClNO2 [M+NH4]+: 358.0209; Found 358.0212. 
 
5-(benzyloxy)benzo[d][1,3]dioxole (1.S7). Solid K2CO3 (4.50 g, 32.6 
mmol, 3.0 equiv) and sesamol (1.50 g, 10.9 mmol, 1.0 equiv) were weighed 
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into a 50 mL round bottom flask equipped with a magnetic stirbar. 18 mL of DMF was added, 
and the suspension was stirred for 30 minutes at room temperature. Benzyl bromide (1.81 mL, 
14.2 mmol, 1.3 equiv) was then added via syringe, and stirring was continued for 12 hours. The 
reaction mixture was poured into H2O (40 mL) and the product was extracted with Et2O (4 x 30 
mL). The combined organics were washed 
with H2O (40 mL), saturated aqueous NaCl (40 mL), dried over Na2SO4, filtered, and 
concentrated to afford a yellow oil. Purification by ash column chromatography (10% ethyl 
acetate in hexanes) afforded the desired compound 1.S7 as a white solid (2.45 g, 99.0%), mp 42-
46 °C. 
Rf = 0.52 (30% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 7.43-7.36 (m, 4H), 7.34-
7.30 (m, 1H), 6.70 (d, J = 8.4 Hz, 1H), 6.56 (d, J = 2.7 Hz, 1H), 6.40 (dd, J = 8.4, 2.7 Hz, 1H), 
5.91 (s, 2H), 4.99 (s, 2H); 13C NMR (CDCl3, 125 MHz) δ 154.36, 148.34, 141.89, 137.13, 128.67, 
128.06, 127.59, 108.03, 106.16, 101.24, 98.55, 71.03; IR (neat) 3064 (w), 2883 (bw), 1630 (m), 
1500 (s), 1381 (m), 1175 (s), 1131 (m), 1034 (s), 925(s), 734 (s), 695 (s), 611 (m) cm-1; HRMS 
(ESI+) Calcd. for C14H13O3 [M+H]+: 229.0865; Found 229.0871. 
 
 (5-(benzyloxy)benzo[d][1,3]dioxol-4-yl)methanol (1.S8). To a solution of 
benzaldehyde 1.82 (58.7 mg, 0.229 mmol, 1.0 equiv) in 1.8 mL THF and 0.2 
mL H2O, sodium borohydride (17.3 mg, 0.458 mmol, 2.0 equiv) was added 
as a solid. After 20 minutes of stirring at room temperature, the reaction 
mixture was poured into saturated NH4Cl and the product was extracted with ethyl acetate (3 x 10 
mL). The combined organics were dried over MgSO4, filtered, and concentrated. Purification by 
flash column chromatography (40% ethyl acetate in hexanes) afforded the desired product 1.S8 as 
a white solid (53.4 mg, 90.3%), mp 78-80 °C. 
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Rf = 0.26 (30% ethyl acetate in hexanes); 1H NMR (CDCl3, 500 MHz) δ 7.43-7.36 (m, 4H), 7.36-
7.32 (m, 1H), 6.66 (d, J = 8.4 Hz, 1H), 6.38 (d, J = 8.4 Hz, 1H), 5.95 (s, 2H), 5.05 (s, 2H), 4.73 
(d, J = 6.7 Hz, 2H), 2.37 (t, J = 6.7 Hz, 1H); 13C NMR (CDCl3, 125 MHz) δ 152.45, 146.37, 
141.90, 136.83, 128.77, 128.20, 127.45, 112.61, 106.81, 103.87, 101.46, 71.18, 55.70; IR (neat) 
3569 (bw), 3426 (bw), 3006 (w), 2780 (bw), 1644 (w), 1459 (s), 1380 (m), 1240 (s), 1087 (s), 
1072 (m), 1026 (m), 934 (m), 787 (m), 735 (m), 697 (m) cm-1; HRMS (ESI+) Calcd. for 
C15H18NO4 [M+NH4]+: 276.1236; Found 276.1240. 
 
2-(benzyloxy)-3-methoxybenzoic acid (1.S9). Benzyl protected o-vanillin117 
(3.40g, 14.0 mmol, 1.0 equiv) was weighed into a 50 mL round bottom flask 
equipped with a magnetic stirbar and dissolved in 14 mL of CH3CN. NaH2PO4 
(5.6 mL of a 0.67M solution in H2O, 3.80 mmol, 0.27 equiv) was then added 
followed by H2O2 (1.4 mL of a 30% wt/wt solution in H2O, 14.7 mmol, 1.05 equiv). The reaction 
flask was placed in a water bath, and NaClO2 (2.37 g, 21.0 mmol, 1.5 equiv) in 21 mL of water 
was added dropwise over 2 hours. Upon completion of the addition, the reaction was allowed to 
stir, open to the air, for 12 hours at room temperature. The reaction mixture was poured into 1 N 
HCl (100 mL) and transferred to a separatory funnel. The product was extracted with CH2Cl2 (3 x 
50 mL) and the organics were washed with 50% aqueous Na2S2O3 (200 mL). The aqueous phase 
was back-extracted with additional CH2Cl2 (2 x 100 mL), and the combined organics were dried 
over MgSO4, filtered, and concentrated to afford the desired product 1.S9 as white solid that was 
used without further purification (3.34 g, 92.3%), mp 81-83 °C. 
1H NMR (CDCl3, 500 MHz) δ 11.40 (s, 1H), 7.70 (dd, J = 7.6, 2.0 Hz, 1 H), 7.45-7.37 (m, 5H), 
7.21-7.15 (m, 2H), 5.27 (s, 2H), 3.96 (s, 3H);  13C NMR (DMSO-d6, 125 MHz) δ 167.50, 153.25, 
146.29, 137.60, 128.16, 128.03, 127.80, 127.78, 124.21, 121.22, 115.72, 74.59, 56.02; IR (neat) 
3017 (bw), 1697 (bs), 1579 (m), 1471 (m), 1459 (m), 1312 (s), 1287 (m), 1260 (s), 1204 (s), 1172 
111 
 
(m), 1089 (m), 1052 (s), 974 (s), 866 (m), 750 (bs), 697 (s) cm-1; HRMS (ESI+) Calcd. for 
C15H15O4 [M+H]+: 259.0970; Found 259.0969. 
 
Deuterated (2-(benzyloxy)-6-chloro-3-methoxyphenyl)methanol (1.S10). 
In a drybox, LiAlD4 (605 mg, 14.4 mmol, 1.0 equiv) was weighed into a 250 
mL round bottom flask equipped with a magnetic stirbar. After removing 
the flask from the drybox, 100 mL of THF was added, and the resulting grey 
suspension was cooled to 0 °C. In a separate flask, acid 1.S9 (3.73 g, 14.4 mmol. 1.0 equiv) was 
suspended in 44 mL of THF. The slurry of 1.S9 was added to the LiAlD4 suspension via cannula, 
and the reaction mixture was allowed to warm slowly to room temperature and stir for 20 hours. 
The dark grey solution was then re-cooled to 0 °C, and H2O (50 mL) was slowly added to quench 
the excess LiAlH4. The resulting thick slurry was warmed to room temperature and diluted with 
100 mL of 1 N HCl. The reaction mixture was poured into a separatory funnel and the product 
was extracted with Et2O (3 x 100 mL). The combined organics were washed with saturated 
aqueous NaHCO3 (150 mL), saturated aqueous NaCl (250 mL), dried over Na2SO4, filtered, and 
concentrated. 
 The crude solid was dissolved in 29 mL of CH2Cl2 and the solution was cooled to 0 °C.  1,3-
dichloro-5,5-dimethylhydantoin (3.41 g, 17.3 mmol, 1.2 equiv) was added as a solid, and the 
reaction mixture was then stirred for 20 hours at 0 °C. The resulting slurry was diluted with 
saturated aqueous Na2S2O3 (20 mL), and the product was extracted with CH2Cl2 (3 x 10 mL). The 
combined organics were washed with saturated aqueous NaHCO3 (30 mL), H2O (30 mL), 
saturated aqueous NaCl (30 mL), dried over Na2SO4, filtered, and concentrated. The crude 
residue was purified by column chromatography (30 % ethyl acetate in hexanes) to afford the 
desired compound 1.S10 as a white solid (3.55 g, 85.1%, 2 steps), mp 81-83 °C. 
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1H NMR (CDCl3, 500 MHz) δ 7.47-7.43 (m, 2H), 7.42-7.33 (m, 3H), 7.11 (d, J = 8.8 Hz, 1H), 
6.85 (d, J = 8.8 Hz, 1H), 5.09 (s, 2H), 3.89 (s, 3H), 2.06 (s, 1H); 13C NMR (CDCl3, 125 
MHz) δ 151.81, 147.35, 137.10, 132.67, 128.70, 128.66, 128.51, 125.90, 124.98, 112.88, 75.87, 
56.17; IR (neat) 3364 (bm), 3034 (w), 2943 (bw), 1576 (m), 1468 (bs), 1439 (s), 1368 (s), 1299 
(m), 1236 (bs), 1082 (m), 1046 (s), 964 (bs), 844 (m), 801 (bs), 691 (s) cm-1; HRMS (ESI+) 
Calcd. for C15H17D2ClNO3 [M+NH4]+: 298.1179; Found 298.1177. 
 
Deuterated 2-(benzyloxy)-3-(bromomethyl)-4-chloro-1-methoxybenzene 
(1.S11). Alcohol 1.S10 (2.98 g, 10.6 mmol, 1.0 equiv) and CBr4 (4.57 g, 
13.8 mmol, 1.3 equiv) were weighed into a 50 mL round bottom flask 
equipped with a magnetic stirbar and dissolved in 21 mL of THF. The 
solution was cooled to 0 °C and PPh3 (3.62 g, 66.7 mmol, 1.3 equiv) was added as a solid. The 
reaction mixture was then warmed to room temperature, and after 10 minutes diluted with water 
(20 mL), poured into a separatory funnel, and the product was extracted with CH2Cl2 (3 x 10 
mL). The combined organics were dried over Na2SO4, filtered, and concentrated. Purification by 
flash column chromatography (30% ethyl acetate in hexanes) afforded the product 1.S11 as a 
white solid (3.40 g, 93.4%), mp 62-65 °C. 
1H NMR (CDCl3, 500 MHz) δ 7.55-7.51 (m, 2H), 7.43-7.34 (m, 3H), 7.12 (d, J = 8.8 Hz, 1H), 
6.86 (d, J = 8.8 Hz, 1H), 5.16 (s, 2H), 3.89 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 151.90, 
147.42, 137.27, 130.42, 128.64, 128.53, 128.39, 126.29, 125.06, 113.47, 75.13, 56.21; IR (neat) 
3031 (w), 2944 (bw), 1577 (m), 1468 (s), 1438 (m), 1267 (s), 1237 (s), 1097 (s), 971 (s), 948 (s), 
918 (m), 892 (m), 804 (s), 765 (s), 691 (s), 572 (m) cm-1; HRMS (ESI+) Calcd. for 





(1.S12). Bromide 1.S11 (3.06 g, 8.90 mmol, 1.0 equiv) was weighed into a 
50 mL round bottom flask equipped with a magnetic stirbar and dissolved in 
15 mL of freshly distilled acetone. NaI (2.67 g, 17.8 mmol, 2.0 equiv) was 
then added as a solid, and the resulting suspension was stirred for 12 hours at room temperature in 
the dark. The mixture was filtered through Celite® 545 rinsing with ethyl acetate (3 x 10 mL) and 
concentrated. The crude residue was dissolved in 30 mL of ethyl acetate and poured into a 
separatory funnel. The organics were washed with 50% aqueous NaS2O3 (20 mL), dried over 
Na2SO4, and concentrated to afford the desired product 1.S12 as a pale yellow solid that was used 
without further purification (3.44 g, 98.8%), mp 74-76 °C. 
1H NMR (CDCl3, 500 MHz) δ 7.56-7.53 (m, 2H), 7.43-7.34 (m, 3H), 7.08 (d, J = 8.8 Hz, 1H), 
6.83 (d, J = 8.8 Hz, 1H), 5.22 (s, 2H), 3.88 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 151.88, 
146.78, 137.35, 131.66, 128.64, 128.42, 128.34, 125.86,  125.10, 112.86, 74.05, 56.19; IR (neat) 
3005 (bw), 2837 (bw), 1573 (m), 1467 (s), 1437 (m), 1367 (m), 1296 (m), 1266 (s), 1235 (s), 
1095 (s), 971 (bs), 877 (m), 802 (s), 744 (s), 692 (s) cm-1; HRMS (ESI+) Calcd. for 
C15H16D2ClINO2 [M+NH4]+: 408.0196; Found 408.0182. 
 
Deuterated Hajos-Parrish Keto-Alcohol (1.S13). Hajos-Parrish 
ketone 1.97 (100 mg, 0.563 mmol, 1.0 equiv) was dissolved in 2.0 mL of 
EtOH, and the resulting homogeneous solution was cooled to –25 °C. Sodium 
borodeuteride (7.4 mg, 0.177 mmol, 0.31 equiv) was added as a solid, and the 
mixture was closely monitored by TLC. After 20 minutes, the reaction was judged to be 
complete, so it was quenched by the addition of saturated aqueous NaCl (10 mL) and H2O (10 
mL). The reaction mixture was poured into a separatory funnel and the product was extracted 
with Et2O (3 x 15 mL). The combined organics were washed with saturated aqueous NaCl (25 
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mL), dried over Na2SO4, filtered, and concentrated. Purification by flash column chromatography 
(85% Et2O in pentane) afforded the desired product 1.S13 as a white solid (113 mg, quantitative), 
mp 67-73 °C. 
Rf = 0.36 (85% Et2O in pentane); 1H NMR (CDCl3, 500 MHz) δ 2.61-2.52 (m, 2H), 2.45-2.35 (m, 
2H), 2.17-2.11 (m, 1H), 2.07 (ddd, J = 12.9, 5.4, 1.6 Hz, 1H), 1.86-1.74 (m, 2H), 1.66 (s, 3H), 
1.60 (s, 1H), 1.11 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 199.07, 168.37, 128.98, 80.48 (t, J = 
20.7 Hz), 45.03, 34.01, 33.39, 29.40, 25.76, 15.31, 10.76; IR (neat) 3415 (bm), 2922 (bm), 1641 
(s), 1354 (m), 1326 (m), 1298 (w), 1171 (m), 1126 (m), 1044 (bm) cm-1; HRMS (ESI+) Calcd. for 
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Synthesis of Bis(imino)-N-Heterocylic Carbene Precursors and Their 
Corresponding Iron Complexes: Development of a Bis(imino)-N-







2.1 Introduction  
 
 The discovery and development of efficient, sustainable, and economical chemical 
syntheses is one of the leading research focuses in all of chemistry. Specifically, the development 
of highly active and selective catalysts is of particular importance given that approximately 90% 
of industrial chemicals and pharmaceutics are produced using some catalytic process.1 Over the 
past few decades, transition metal complexes have proven tremendously useful as catalysts for 
both industrial and academic purposes. The advent of homogenous, single site catalysts has 
provided chemists invaluable handles to study and tune coordination compounds, enabling the 
production of world changing products such as plastics, materials, fuels, and bulk chemicals.2  
 Perhaps not surprisingly, the activity and properties of any given catalyst can be largely 
dependent on the transition metal employed. Precious metals such as palladium, platinum, 
iridium, rhodium, and ruthenium have demonstrated useful levels of activity in countless 
reactions, however, their cost, scarcity, and toxicity warrant the development of cheap, earth 
abundant, and non-toxic alternatives. An attractive substitute would be iron, which is not only the 
second most abundant metal in the earth’s crust at 4.7 wt %,3 but is also inexpensive and 
relatively non-toxic. In spite of receiving significantly less attention than the so called “noble 
metals”, numerous reactions including oxidation, reduction, hydrogenation, cycloaddition, 
isomerization, coupling, and polymerization have been shown to be effective using iron-based 
catalysts.4 It noteworthy, however, that very few of these catalysts have been adopted for 
industrial usage, and in general, the field of non-noble metal catalysis remains underdeveloped 
given its huge potential. 
2.1.1 Bis(imino)pyridine Ligands in Iron Catalysis 
While the expectations for catalytic activity are largely influenced by the metal 
employed, the importance of the supporting ligands in tuning the reactivity of any given complex 
187 
 
is undeniably paramount. In particular, iron complexes bearing bis(imino)pyridine or 
pyridyldiimine (PDI) ligands have been shown to be particularly useful for a diverse series of 
chemical transformations, many of which will be reviewed below. This versatility highlights the 
enabling power of a ligand on a base metal (Figure 2.1). 
Figure 2.1. Bis(imino)pyridineFeCl2. 
 
In the late 1990s, Gibson, Brookhart, and Bennett introduced bis(imino)pyridine 
complexes of iron and cobalt as ethylene polymerization catalysts with efficiencies that rivaled 
those of the most potent early-transition-metal metallocenes.5,6 Facile modifications to the imine 
moieties of the ligand enabled the selective production of olefin dimers, oligomers, polymers,7 
and most recently cyclotrimers8 when acetylene was used as the monomer feedstock (Scheme 
2.1).  
Scheme 2.1. Olefin polymerization reactions using 2.2. 
 
 Although this was a groundbreaking discovery, the applications of bis(imino)pyridine-
iron complexes in catalysis have hardly been limited to the polymerization of olefins. Over the 
188 
 
past 10 years, Paul Chirik and coworkers have made numerous contributions to the understanding 
and synthetic utility of these species. Much of this work was enabled by the isolation of a 
particularly interesting and catalytically competent bis(dinitrogen) complex, generated by 
reduction of the parent dichloride 2.1 with Na/Hg amalgam under a nitrogen atmosphere (Scheme 
2.2).  
Scheme 2.2. Reduction of 2.1 to generate bis(dinitrogen) complex 2.3. 
 
Not only did 2.3 highlight the redox activity of the bis(imino)pyridine ligand framework 
(more on redox active ligands in section 2.2), but the complex was shown to be active for a 
variety of organic transformations. The catalytic hydrogenation of functionalized9 and hindered10 
alkenes proceeds at relatively low pressures of hydrogen (4 atm), and even asymmetric 
hydrogenations have been carried out with an analogous C1-symmetric cobalt complex.11 While 
the catalyst tolerates functional groups such as ketones and esters, potent Lewis bases such as 
monosubstituted amines dramatically slow catalytic turnover. 
Scheme 2.3. Catalytic hydrogenation of α,β-unsaturated esters by 2.3. 
 
 Chirik’s reduced, bis(imino)pyridine complexes of iron have also been applied to one of 
the largest-scale industrial reactions,12 hydrosilylation. Whereas hydosilylation is conventionally 
carried out by precious metal catalysts such as platinum and rhodium, Chirik and coworkers 
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reported a highly selective reaction using tertiary silanes under mild conditions to give 
exclusively anti-Markovnikov products.13 The group subsequently reported a regioselective 
hydrosilylation of 1,2,4-trivinylcyclohexane, outperforming the best platinum catalysts in a key 
transformation in the production of low rolling resistance tires (Scheme 2.4).14  
Scheme 2.4. Iron catalyzed hydrosilylation of 1,2,4-trivinylcyclohexane. 
 
Encouraged by the highly selective hydrosilylation results obtained with precatalyst 2.3, 
Obligacion and Chirik extended the scope of alkene functionalization reactions to include the 
hydroboration of terminal, internal, and germinal olefins.15 Not only is the catalyst highly active 
for the hydroboration of simple alkenes, but the use of 2.3 effects the anti-Markovnikov 
hydroboration of styrenes, a transformation that has proven particularly challenging due to poor 
regioselectivity and competitive dehydrogenative borylation (Scheme 2.5).  
Scheme 2.5. Anti-Markovnikov hydroboration of styrene using bis(imino)pyridineFe(N2)2. 
 
 In 2006, Chirik et al reported the iron-catalyzed, intramolecular [2π + 2π] cycloaddition 
of α,ω-dienes.16 For a reaction that is considered thermally forbidden17 but photochemically 
allowed,18 Chirik demonstrated the utility of complex 2.3 in catalyzing the formation of strained 
cyclobutanes in the absence of light (Scheme 2.6). In 2011, the same group demonstrated the 
coupling of two different partners in an intermolecular fashion,19 once again underscoring the 
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potential utility of bis(imino)pyridine complexes of iron in practical synthetic chemistry. 
Unfortunately, as was previously observed in the hydrogenation chemistry, product inhibition by 
free or unprotected amines either shuts down or significantly impedes catalyst turnover.  
Scheme 2.6. Bis(imino)pyirdineFe(N2)2 catalyzed [2π + 2π] cycloaddition. 
 
 In 2013, the unprecedented application of bis(imino)pyridine ligated iron species to the 
polymerization of (rac)-lactide was reported by the Byers group.20 Not only was this the first 
example of  bis(imino)pyridine iron bis(alkoxide) complexes (2.4, Scheme 2.7), but also it was 
shown that these compounds, either isolated or generated in situ, were competent polymerization 
catalysts producing poly(lactic acid) with very low polydispersity indices (PDI < 1.5). The group 
also noted a particularly interesting feature of the catalyst system; simple oxidation of the active 
species would completely but reversibly render the complex inactive for polymerization (2.5, 
Scheme 2.7), while reduction back to the iron(II) oxidation state would restore the reaction with 
no change in productivity.  




2.1.2 Structure-Activity Relationships in Bis(imino)pyridine Ligands 
Appreciating the powerful ability of bis(imino)pyridines to support iron catalyzed 
processes, a significant amount of work has been done to elucidate the both the steric and 
electronic structure-activity relationships of this privileged class of ligand. Many of these studies 
were done in the context of ethylene polymerization, and extensive reviews have been published 
describing hundreds of iterations made to the substituents about the N-aryl portion of the ligand 
and the corresponding effects on catalyst activity.7 In summary, it has been concluded that bulky 
groups in the 2,6-positions of the arene (such as isopropyl) afford very high molecular weight, 
linear polyethylene. On the other hand, smaller substituents or even a single substitution at the 2-
position gives exclusively lower molecular weight product or even dimers and oligomers.  
The importance of the steric bulk specifically at the 2- and 6- positions is clearly reflected 
by the crystal structure of 2.1 (Figure 2.2).21 The arenes sit perpendicular to the plane of the 
chelate, essentially protecting the top and bottom faces of the iron center. With the three nitrogens 
of the pincer occupying the basal plane of the complex, the flanking groups have considerable 
influence over the substrate and product binding sites. This is thought to be of particular 
importance for influencing polymer molecular weight, as the mechanism for dissociation of the 
growing polymer chain is believed to be via an associative mechanism (Scheme 2.8).7 When the 
blocking groups are large, ethylene cannot bind the metal center to form the octahedral complex 
(2.8), preventing liberation of the polymer and allowing for continued growth. 
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Figure 2.2. X-Ray crystal structure of 2.1 with thermal ellipsoids represented at the 50% probability 
level.21 Hydrogen atoms and solvent molecules were omitted for clarity. 
 
Scheme 2.8. Mechanism of polymer dissociation in ethylene polymerization. 
 
Specific effects from the steric encumbrance at these sites are also described in Chirik’s 
hydrogenation,9,10 hydrosilylation,13,14 and hydroboration15 reactions. In general, when the arenes 
employed are 2,4,6-trimethyl substituted, reactions generally proceed at faster rates although with 
lower selectivities. Switching to the bulkier 2,6-diisopropyl moieties usually retards reaction 
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kinetics, but imparts much greater selectivities in transformations that could have multiple 
outcomes (Scheme 2.9).  
Scheme 2.9. Change in hydroboration selectivity as a function of bis(imino)pyridine-aryl group 
substitution. 
 
 Whereas a tremendous amount of work has been carried out to study the steric 
implications of the bis(imino)pyridine ligand framework, considerably less has been done to 
probe electronic contributions and donor effects of the three chelating sites. Presumably due to 
the ease of synthesis of imines from their corresponding ketones, a large number of electronic 
perturbations have been made to the N-substituent in the bis(imino)pyridine.22 These electronic 
modifications are subtle at best, and can only be attributed to tempered inductive effects due to 
the perpendicular orientation of the N-arene in relation to the chelating lone pair on the nitrogen.  
 In contrast, a much more dramatic modification was made by Danopoulos and coworkers 
who replaced the two imine moieties with significantly more σ-donating N-heterocylic carbene 
moieties (2.10, Scheme 2.10).23 Upon activation of 2.10 with MAO, these complexes were 
determined to be inactive for ethylene polymerization.24 In 2005, Danapoulos was able to isolate 
the corresponding bis(dinitrogen) species (2.11) in analogous fashion to bis(imino)pyridine 
complex 2.3 (Scheme 2.10).25 Chirik then went on to demonstrate that the increased donating 
194 
 
ability of the bis(N-heterocyclic carbeno)pyridine complexes considerably increased catalyst 
potency in both cobalt26 and iron10 catalyzed hydrogenation, even effecting reduction of a 
tetrasubstituted alkene! Such substrates remain challenging even for the most active noble metal 
catalysts.27 
Scheme 2.10. Bis(N-heterocyclic carbeno)pyridine complexes of iron. 
 
 Though limited in number, complexes containing modifications to the central pyridine of 
the ligand have also been synthesized and evaluated in catalytic applications. Ali and coworkers 
installed both resonance donating (2.12, Figure 2.3) and withdrawing groups (2.13, Figure 2.3) in 
the para position of the pyridine, effectively attenuating the donating ability of the central 
chelator.28 It was found that under standard ethylene polymerization conditions, the more electron 
poor complexes were more active. However, the electron deficient catalysts suffered from lower 
thermal stabilities and shorter lifetimes. Chirik et al. also synthesized a series of para-substituted 
bis(imino)pyridines, however, none were evaluated for their catalytic competency in any 
reactions.29  




In addition to simply modifying the central pyridine, as of 2012,30 two reports had 
attempted to replace the pyridine all together with various heterocyclics. Both Gibson31 and 
Tenza32 describe the synthesis and metalation of various bis(imino)pyridine and other 
bis(imino)heterocycle analogues, as well as polymerization activity for successfully isolated 
complexes. Though limited in the amount of new ligands that deliver isolable and characterizable 
iron species, pyrimidine-based complexes (2.14, Figure 2.4) were shown to be moderately active 
for ethylene polymerization in the presence of MAO, MMAO, or trialkyl aluminum activators.  
Figure 2.4. A bis(imino)pyrimidine complex of iron. 
 
2.1.3 Design of a Novel Bis(imino)-N-heterocyclic Carbene Pincer Complex of Iron 
Notably absent from the literature was a tridentate bis(imino)-N-heterocyclic carbene 
analogue to the bis(imino)pyridine ligand. This finding was surprising considering the extensive 
application of N-heterocyclic carbenes (NHC) in transition-metal-catalyzed processes.33 
Nevertheless, NHC complexes of iron have remained largely unexplored in comparison to the 
other transition metals.34 
We envisioned that a ligand in which the central pyridine was replaced with an N-
heterocyclic carbene while still being flanked by two imine groups (2.15, Figure 2.5) could 
provide multiple benefits over the bis(imino)pyridine design for a variety of reasons. The 
substitution of the 6-membered pyridine for the 5-membered imidazole-2-ylidene would have 
both steric and electronic implications for the resulting complex.  
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Figure 2.5. Proposed structure of a bis(imino)-N-heterocyclic carbene complex of iron. 
 
Spatially, a 5-membered ring core would give rise to a wider overall bite angle, 
effectively relieving the active catalytic site of some of the steric encumbrance imparted by the 
neighboring aryl groups. This could potentially allow for the incorporation of α-olefins as 
monomers in polymerization reactions.35 To date, only propylene has been successfully 
polymerized using iron-based catalysts, although the catalytic activity is considerably reduced 
compared to reactions of ethylene.36 The development of an iron-based catalyst that could 
incorporate both ethylene and α-olefins would be the first of its kind, and could be of 
tremendous value to the polyolefins industry.37  
 Electronically, N-heterocyclic carbenes are known to be significantly stronger σ-donors 
than pyridines.33 Chirik demonstrated that more electron rich iron centers were more active 
hydrogenation catalysts;10,26 it is reasonable to hypothesize that having an N-heterocyclic carbene 
as the central donor in an analogous tridentate ligand could have a similar or even enhanced 
impact on related reactions. Additionally, strong donors are known to impart a more pronounced 
trans influence.38 Placement of the strong trans influencing ligand opposite the free coordination 
sites of the complex would effectively weaken the bond between the metal and any bound 
substrates. This could potentially assist in the dissociation of Lewis base-containing compounds 
that have been shown to impede catalyst turnover in hydrogenation9 and [2π + 2π] cycloaddition 
chemistry,16 ultimately improving functional group tolerance. Finally, the increased donating 
ability of a carbene over a pyridine ligand could better stabilize higher oxidation states of the iron 
center, opening the door to new modes of reactivity.  
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2.1.4 Strategy for the Synthesis of a Bis(imino)-N-heterocyclic Carbene Complex 
In 2010, Gino G. Lavoie and coworkers reported the first syntheses of N,N’-
bis(imino)imidazolium salts (2.18, Scheme 2.11).39 Lavoie successfully synthesized a bis(imino)-
NHC-copper complex using a mixture of CuI and NaHMDS, noting that deprotonation of the 
imidazolium to the generate the free carbene resulted in rapid ligand decomposition.40,41 Attempts 
to metalate the imidazolium salt to silver using conventional methods such as Ag2O also resulted 
in intractable mixtures.  
Scheme 2.11. Lavoie’s synthesis of bis(imino)imidazolium salts. 
 
 With an established route to a suitable ligand precursor, we envisioned circumventing the 
free carbene route by using the same strategy employed by Danopoulos et al. to generate 
iron−NHC complexes.23, In two separate reports, Danapoulos disclosed the aminolysis of 
[Fe(HMDS)2]242 as the only known method to produce iron complexes simultaneously ligated by 
both NHC ligands as well as halides. In his 2004 report, Danpoulos used the iron−bis(amide) 
species to successfully metalate a bis(imidazolium) bromide to generate 2.10 (Scheme 2.12).  




In his later study, the same approach was successfully applied to synthesis of monodentate 
NHC complexes.43 Danopoulos proposed that upon initially mixing an imidazolium chloride with 
the [Fe(HMDS)2]2 an intermediate imidazolium iron “ate” species (2.20, Scheme 2.13) was 
generated. Subsequently, protonolysis by the now more basic amide would generate the 
iron−carbene species (2.21). 
Scheme 2.13. Proposed mechanism of imidazolium chloride metalation. 
 
We hypothesized that we could apply the very same method for the generation of 
bis(imino)-NHC complex 2.15 from bis(imino)imidzolium salt 2.22 (Scheme 2.14). The resulting 
product would still contain one amide ligand (2.23), which could then be protonated off with an 
appropriate source of HCl, affording the desired complex.  





2.2 Synthesis of Imidazole-Based N-heterocyclic Carbene Precursors and 
Metalation to Iron 
2.2.1 Synthesis and Metalation of Bis(imino)imidazolium Salts 
 Encouraged by the short and efficient route published by Lavoie for 
bis(imino)imidazolium salts,39 we adopted a similar strategy of appending two equivalents of an 
imidoyl chloride electrophile to the central heterocyclic core (Scheme 2.15). Reaction of 
commercially available 2,6-diisopropylaniline and acetyl chloride readily delivered amide 2.24, 
which was converted to the desired imidoyl chloride 2.25 via a dehydration/chlorination 
sequence. Whereas dehydration and chlorination of amides is generally accomplished by heating 
in the presence of reagents such as thionyl chloride or phosphorus pentachloride,44 such harsh 
conditions proved incompatible with substrates containing acidic α-protons. A more mild 
protocol was adapted from work done by Robert F. Cunico and coworkers.45 Initial experiments 
delivered the desired imidoyl chloride 2.25 as a 1:1 mixture with compound 2.26, the result of a 
rapid intramolecular cyclization event. Concentrating the reaction and rapid addition of oxalyl 
chloride effectively suppressed the formation of 2.26, affording the imidoyl chloride in a 
respectable 74% yield after extraction and Kugelrhor distillation. Reacting 2.25 with imidazole 
quantitatively installed the first imine moiety. In a subsequent reaction, 2.27 was treated with a 
second equivalent of imidoyl chloride 2.25 to afford the desired imidazolium salt 2.22 as a 




Scheme 2.15. Synthesis of bis(imino)imidazolium chloride 2.22. 
 
 Pleased with the ease and overall high yield (51%, 4 steps) of the synthesis of 
imidazolium chloride 2.22, we made the less sterically encumbered, 2,6-dimethylphenyl 
substituted 1.12 (Scheme 2.16) in an analogous fashion.39 The low yield for the transformation of 
amide 2.28 to imidoyl chloride 2.16 was attributed to the greater volatility of the produc. Based 
on the relative purity of the crude 1H NMR, a more extensive extraction and careful distillation 
would improve mass recovery.   
Scheme 2.16. Synthesis of bis(imino)imidazolium chloride 2.18. 
 
 To evaluate the steric and electronic parameters about the imine, imidazolium 2.32 
(Scheme 2.17) was synthesized for comparison with compounds 2.22 and 2.18. Whereas 
synthesis of the amide was straightforward as expected, the previously optimized procedure for 
imidoyl chloride formation did not convert the more electron poor substrate. Lacking the α-
protons that previously complicated dehydration and chlorination, refluxing amide 2.29 in thionyl 
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chloride followed by evaporation of excess reagent and Kugelrohr distillation afforded imidoyl 
chloride 2.30 in high yield.44 Reaction with imidazole smoothly delivered monoamidine 2.31, 
however, once again the steric and electron perturbation attributed to the new phenyl group 
attenuated electrophilicity of imidoyl chloride 2.30, which hampered the formation of the 
imidazolium salt. The union of 2.30 and 2.31 was thus achieved by the in situ formation of a 
potent nitrilium tetrafluoroborate species (not shown), generated by premixing the imidoyl 
chloride 2.30 and NaBF4 in acetonitrile.46 Unlike imidazolium chlorides 2.22 and 2.18 
synthesized perviously, phenyl-substituted imidazolium 2.32 was isolated as the corresponding 
tetrafluoroborate salt. 
Scheme 2.17. Synthesis of bis(imino)imidazolium tetraflouoroborate 2.32. 
 
 With a series of imidazolium-based NHC precursors in hand,  we explored conditions for 
metalation of the ligands to iron. Treatment of bis(imino)imidazolium chloride 2.22 with 
[Fe(HMDS)2]2 room temperature in THF afforded a bright red semisolid (Scheme 2.18). 
Although we believed the compound to be the desired complex 2.23, crystallization attempts 
were fruitless and the extreme air and moisture sensitivity of the compound complicated 
identification and characterization. Unfortunately, 1H NMR spectra were complicated by 




Scheme 2.18. Treatment of bis(imino)imidazolium chloride 2.22 with [Fe(HMDS)2]2. 
 
We speculated that the remaining hexamethyldisalizaide (HMDS) substituent was 
contributing to the lack of crystallinity and increasing the air and moisture sensitivity of the 
iron−NHC complex. To address this issue, we investigated a protocol involving only one 
equivalent of the amide. FeBr2(THF)2 was treated with a single equivalent of LiHMDS followed 
by addition of bis(imino)imidazolium chloride 2.22 (Scheme 2.19). After removal of the LiBr by 
filtration, yellow crystals suitable for x-ray diffraction were grown from ether and pentane, 
confirming the structure of 4-coordinate complex 2.33 (Figure 2.6). Interestingly, the exclusive 
isolation of the dibromide complex implied equilibration of the two possible counterions in 
solution (Br and Cl), with the mixed ligand set being energetically disfavored. Rapid equilibration 
of substituents on iron has also been reported by Chirk and coworkers for bis(imino)pyridine iron 
complexes, who also concluded there is a thermodynamic preference for ligand redistribution.47 






Figure 2.6. X-ray crystal structure of 1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]imidazol-2-
ylideneiron(II) bromide (2.33) with thermal ellipsoids represented at the 50% probability level. Hydrogen 
atoms and solvent molecules were omitted for clarity. Selected bond lengths (Å) and angles (o): 
Fe(1)−C(1), 2.096(3); Fe(1)−Br(1), 2.377(1); Fe(1)−Br(2), 2.379(1); Fe(1)−N(3), 2.153(2); 
Br(1)−Fe(1)−Br(2), 126.74; N(3)−Fe(1)−C(1), 78.0(1). 
 
 A simplified procedure was established that took advantage of the observed ligand 
exchange. The protocol avoided filtration of the lithium salt as well as complications due to the 
generation of two products containing bromide and chloride ligands. By mixing 0.5 equivalents 
of FeCl2 with 0.25 equivalents of [Fe(HMDS)2]2 in THF, a light brown homogenous solution was 
formed, presumably containing a transient “Fe(HMDS)Cl” species. Addition of a suspension of 
imidazolium salt 2.22 or 2.18 in THF immediately colored the reaction a golden yellow, and after 
two hours of stirring, removal of the solvent in vacuo delivered the crude products (Scheme 
2.20).48 Crystallization from THF and pentane afforded yellow x-ray quality crystals, confirming 
the products as 4-coordinate complexes 2.34 and 2.35 (Figure 2.7, Table 2.1).49 A magnetic 
moment of a μeff = 4.9 μB as determined by Evans’ method50 established the species to be S = 2, 
suggesting a high spin electronic configuration. Surprisingly, the bis(imino)-NHC ligand was 
only coordinated in a bidentate fashion rather than the desired tridentate chelate. 
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Scheme 2.20. Metalation of bis(imino)imidazolium salts 2.22 and 2.18 to generate 2.34 and 2.35. 
 
Figure 2.7. X-ray crystal structure of 1,3-bis[1-(2,6-dimethylphenylimino)ethyl]imidazol-2-ylideneiron(II) 
chloride (2.35) with thermal ellipsoids represented at the 50% probability level. Hydrogen atoms and 
solvent molecules were omitted for clarity.49 
 
To shed some light on the obvious discrepancy in the coordination geometry of 
bis(imino)−NHC and bis(imino)pyridine complexes 2.35 and 2.1, respectively, careful analysis of 
the crystallographically measured metrics revealed some interesting disparities. Whereas the 
Cimine−Nimine bond lengths of the bound imines in both species were similar (1.275 versus 1.301 
Å), the Fe−Nimine distance (Fe(1)−N(3)) of complex 2.35 was considerably shorter than that in 2.1 
(2.149 versus 2.225 Å). It is possible that longer Fe−Nimine bond in the bis(imino)pyridine system 
can be attributed to a trans influence from the second bound imine in the tridentate ligand. It is 
also unusual that the iron in 2.35 is not centered about the carbene which generally the preferred 
binding mode for such strong σ-donors. The disposition of the iron center may be a function of 
the increased C(1)−N(1)−C(4) angle imparted by the imidazole-based carbene (120.0o) forcing it 
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into the strained metallacycle. The more obtuse C(1)−N(2)−C(6) angle of 125.2o (unbound arm) 
lends credence to this theory, implying that the observed 120.0o angle is already being 
compressed to accommodate bidentate binding.  
Table 2.1. Selected bond lengths (Å) and angles (deg) for bis(imino)imidazole-2-ylideneiron(II) chloride 
2.35. 
 Length (Å) Angle (deg) 
C(1)−Fe(1) 2.100(2)  
Fe(1)−Cl(1) 2.241(1)  
Fe(1)−Cl(2) 2.247(1)  
N(1)−C(1) 1.360(3)  
N(2)−C(1) 1.347(3)  
C(6)−N(4) 1.258(3)  
C(4)−N(3) 1.275(3)  
Fe(1)−N(3) 2.149(2)  
C(1)−Fe(1)−N(3)  76.8(1) 
N(1)−C(4)−N(3)  115.1(2) 
C(1)−N(1)−C(4)  120.0(2) 
C(1)−N(2)−C(6)  125.2(2) 
Cl(1)−Fe(1)−Cl(2)  114.81(3) 
N(1)−C(1)−Fe(1)  111.8(2) 
N(2)−C(1)−Fe(1)  144.5(2) 
   
Careful analysis of the crystallographically measured metrics revealed some interesting 
disparities, shedding light on the obvious discrepancy in the coordination geometry of 
bis(imino)−NHC and bis(imino)pyridine complexes 2.35 and 2.1, respectively. Whereas the 
Cimine−Nimine bond lengths of the bound imines in both species were similar (1.275 versus 1.301 
Å), the Fe−Nimine distance (Fe(1)−N(3)) of complex 2.35 was considerably shorter than that in 2.1 
(2.149 versus 2.225 Å). It is possible that longer Fe−Nimine bond in the bis(imino)pyridine system 
can be attributed to a trans influence from the second bound imine in the tridentate ligand. It is 
also unusual that the iron in 2.35 is not centered about the carbene which generally the preferred 
binding mode for such strong σ-donors. The disposition of the iron center may be a function of 
the increased C(1)−N(1)−C(4) angle imparted by the imidazole-based carbene (120.0o) forcing it 
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into the strained metallacycle. The more obtuse C(1)−N(2)−C(6) angle of 125.2o (unbound arm) 
lends credence to this theory, implying that the observed 120.0o angle is already being 
compressed to accommodate bidentate binding.  
2.2.2 Synthesis and Metalation of Homologated Bis(imino)imidazolium Salts 
We reasoned that the iron complexes containing 1,3-bis(imino)imidazol-2-ylidene 
ligands are four-coordinate for one of two reasons.  On the one hand, a tridentate binding mode 
could be disfavored due to the geometric constraints of a 5-membered heterocyclic framework, a 
hypothesis that has been put forward by both Gibson31 and Mashima51 when exploring furan- and 
pyrrole-based ligands. On the other hand, the added electron density from the carbene donor to 
the iron center may discourage a higher valency complex. To test these two competing 
hypotheses, we postulated that one carbon homologation of the amidine arms would allow for 
tridentate coordination by relieving the angle strain inherent to the four coordinate complexes.  
Divergent syntheses of the homologated ligands were efficiently accomplished by 
iterative N-substitution of imidazole (Scheme 2.21). Condensation of 2,6-diisopropylaniline with 
chloroacetone under Lewis acidic conditions afforded α-chloroimine 2.36, which was then 
reacted with imidazole in DMF to provide single-carbon extended 2.37. Further reactions with 
either imidoyl chloride 2.25 or a second equivalent of 2.36 provided imidazolium chlorides 2.38 
and 2.39, respectively, in high yields. 
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2.25, toluene, 23 oC
(91%)
2.36, CH3CN, 80 oC
DMF, 23 oC
 
 Using the same synthetic protocol that was developed to metalate bis(imino)imidazolium 
salts, premixing 0.5 equivalents of FeCl2 and 0.25 equivalents of the dimeric [Fe(HMDS)2]2 in 
THF followed by treatment with the appropriate imidazolium chloride afforded the corresponding 
NHC complexes 2.40 and 2.41 as pale yellow solids (Scheme 2.22). Complex NMR spectra were 
consistent with paramagnetism, corroborated by magnetic moments of 5.0 and 5.1 μB for 2.40 and 
2.41, respectively, measured using Evans’ method. 50 These values are consistent with similar 
complexes and correspond to S = 2 high spin Fe(II) complexes.  Crystals suitable for X-ray 
crystallography were grown from vapor diffusion of pentane into dichloromethane or THF 
solutions at −40 oC, which revealed that both compounds were tetravalent about iron in the solid 
state (Figure 2.8). 




Figure 2.8. X-ray crystal structure of homologated bis(imino)-NHC complexes 2.40 (a, top) and 2.41 (b, 
bottom) with thermal ellipsoids represented at the 50% probability level. Hydrogen atoms and solvent 
molecules were omitted for clarity. 
 
We were surprised to find that both complexes 2.40 and 2.41 crystallized in distorted 
tetrahedral geometries, irrespective of ring expansion of one or both amidine fragments on the 
ligand. Analogous to complex 2.35, complex 2.40 binds through the central carbene as well as the 
amidine, notably preferring the 5-membered metallacycle over the possible 6-membered chelate. 
The bond metrics about the iron center are similar to those in complex 2.35 (Table 2.2), which 
indicated that minimal perturbation was imparted on the iron center as a function of the unbound 
portion of the ligand.  
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Table 2.2. Selected bond lengths (Å) and angles (deg) for complexes 2.35, 2.40, and 2.41. 
 2.35  2.40  2.41 
Fe(1)−C(1) 2.100(2)  2.085(2)  2.071(2) 
Fe(1)−Cl(1) 2.241(1)  2.225(1)  2.252(1) 
Fe(1)−Cl(2) 2.247(1)  2.243(1)  2.245(1) 
C(1)−N(1) 1.360(3)  1.369(3)  1.362(3) 
C(1)−N(2) 1.347(3)  1.342(3)  1.351(3) 
N(4)−C(6)a 1.258(3)  1.263(3)  1.247(4) 
C(4)−N(3)b 1.275(3)  1.274(3)  1.285(3) 
Fe(1)−N(3) 2.149(2)  2.157(2)  2.131(2) 
C(1)−Fe(1)−N(3) 76.8(1)  77.1(1)  87.0(1) 
N(1)−C(4)−N(3)b 115.1(2)  115.4(2)  120.1(2) 
C(1)−N(1)−C(4) 120.0(2)  119.9(2)  124.2(2) 
C(1)−N(2)−C(6)c 125.2(2)  123.4(2)  124.1(2) 
Cl(1)−Fe(1)−Cl(2) 114.81(3)  115.13(3)  121.36(3) 
Fe(1)−C(1)−N(1) 111.8(2)  111.7(1)  119.3(2) 
Fe(1)−C(1)−N(2) 144.5(2)  144.6(2)  137.1(2) 
a The atom labeled C(6) in complex 2.35 corresponds to that labeled 
C(19) in complex 2.40 and C(20) in complex 2.41. bThe atom labeled 
C(4) in complex 2.35 corresponds to that labeled C(5) in complex 
2.41. cThe atom labeled C(6) in complex 2.35 corresponds to that 
labeled C(18) in the homologated complex 2.40 and C(19) in 
complex 2.41. 
 
Akin to the bis(imino)-N-heterocyclic carbene compounds 2.35 and 2.40, 2.41 also 
adopted a distorted tetrahedral geometry due to bidentate ligand coordination.  The deviation 
from an ideal tetrahedral geometry is clearly demonstrated by the C(1)−Fe(1)−N(3) and 
Cl(1)−Fe(1)−Cl(2) bond angles (87.0(1)o and 121.36(3)o, respectively, for 2.41 compared to 
77.1(1)o and 115.13(3)o for 2.40). Specific to complex 2.41, however, is the presence of two 
homologated imine arms, which necessitate multidentate binding to afford at least one six-
membered ring chelate.  This feature inevitably leads to structural differences for 2.41 compared 
to 2.35 or 2.40. Whereas 2.41 displayed subtle shortening of the Fe(1)–C(1) bond (2.071(2) for 
2.41 vs. 2.085(2) Å for 2.40) and modest elongation of the iron-chlorine bonds (2.245(1) and 
2.252(1) Å for 2.41 vs. 2.225(1) and 2.2431(1) Å for 2.40), the most prominent consequence of 
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the expanded chelate was the bond metrics associated with the metallacycle.  As mentioned 
previously, an approximate five-degree compression of the C(1)−N(1)−C(4) junction was 
required for the 1,3-bis(imino)imidazol-2-ylidene ligand to adopt a bidentate binding mode in 
2.35. While a similar compression was observed for 2.40, the corresponding angles in 2.41 
demonstrated little angle strain associated with bidendate metal chelation (C(1)−N(1)−C(4) and 
C(1)−N(2)−C(18) are 124.2(4)o and 124.1(2)o, respectively).   
2.2.3 Synthesis and Attempted Metalation of Bis(imino)benzimidazolium Salts 
 The lack of strain associated with complex 2.41 suggested that four-coordinate 
complexes of bis(imino)-N-heterocyclic carbene ligands could be a function of the electronic 
disparities between NHCs and pyridines. To evaluate the effects of a less potent σ-donor, 
benzimidazolium salt 2.43 (Scheme 2.23) was synthesized with the hopes that the added benzene 
ring and increased resonance would attenuate the electron donating capabilities of the N-
heterocyclic carbene.52 Reaction of benzimidazole and imidoyl chloride 2.25 cleanly afforded the 
monoimine 2.42. As predicted, however, the second nitrogen was significantly less basic 
compared to that of imidazole variant 2.27, significantly slowing the second acylation event. 
Despite screening extensive solvents, concentrations, and temperatures, no reaction was observed 
between 2.42 and imidoyl chloride 2.25. Having reduced the nucleophilicity of the imidazole, the 
logical solution was to increase the electrophilicity of the electrophile. As a solution, in situ 
formation of the nitrilium triflate in acetonitrile finally delivered 2.43 in quantitative yield as a 
white solid.  
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Scheme 2.23. Synthesis of bis(imino)benzimidazolium triflate 2.43. 
 
 Anticipating complications in the metalation reaction due to the noncoordinating triflate 
counterion (which would result in a cationic product), a procedure for metallating imidazolium 
triflates was first established using the trifluoromethanesulfonate analogue of imidazolium 2.18. 
Counterion exchange of the chloride for the triflate was readily accomplished using AgOTf to 
afford the desired imidazolium triflate 2.44 (Scheme 2.24). Not surprisingly, subjection of 2.44 to 
the mixture of FeCl2 and [Fe(HMDS)2)]2 only afforded intractable mixtures. On the other hand, 
simply adding 1.3 equivalents of a chloride source, LiCl, gratifyingly delivered the desired iron 
complex. 




 With suitable metalation conditions in hand, subjection of benzimidazolium triflate 2.43 
to the iron precursors in the presence of LiCl afforded a colorless solid, which was determined by 
X-ray crystallography to be the THF-containing tetramer shown in Figure 2.9. Although not fully 
characterized, this unexpected complex suggested that that ligand was fragmenting during the 
course of the reaction. 
Figure 2.9. X-ray crystal structure of unexpected tetramer from the attempted metalation of 
benzimidazolium triflate 2.43. with thermal ellipsoids represented at the 50% probability level. Hydrogen 
atoms and solvent molecules were omitted for clarity. 
 
 We hypothesized that removal of one of the imine arms could be occurring via 
nucleophilic addition-elimination by the external chloride, and that the equilibrium for such a 
reversible process favored the neutral benzimidazole 2.42 and imidoyl chloride 2.25.  Mixing of 
benzimidazolium 2.42 with lithium chloride in THF-d8 completely converted the triflate salt to 
the two neutral components within minutes at room temperature. This result provided an 
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explanation for the origin of the previously described tetramer (Scheme 2.25), but it also reflected 
the inherent incompatibility of the electrophilic carbene precursor to the conditions required for 
successful metalation to iron.  





2.3 Synthesis of Pyridine-Based N-heterocyclic Carbene Precursors and 
Metalation to Iron 
Intent on synthesizing a carbene-containing analogue to bis(imino)pyridine complexes and 
ultimately understanding the origin of the exclusively 4-coordinate structures previously isolated, 
we looked for alternative classes of N-heterocyclic carbenes that could address these issues. 
Having experienced a dramatic change in coordination chemistry about the iron as a function of 
the switch to the 5-membered, imidazole-based carbene centered ligands, we sought 6-membered 
carbenes to limit the geometric modifications to the bis(imino)pyridine framework while still 
varying the ligand’s electronic contribution.  
One of the closest analogues to bis(imino)pyridine complex 2.1 would be the isomeric 
bis(imino)pyridin-2-ylidene bound iron species (2.45, Figure 2.2). The complex would maintain 
the 6-membered ring core that may be critical for tridentate ligand chelation, however, the central 
donor would be an extremely potent σ-donating pyridylidene.53 Upon metalation, isolation of a 4-
coordinate iron-NHC complex with the pyridyl core would provide strong evidence against the 
geometric constraints invoked to rationalize bidentate imidazole and pyrrole complexation. 
Instead, the increased electron density about the iron center as a function of the carbene could be 
implicated as the determining factor for the preferred coordination sphere.  
Figure 2.10. Proposed bis(imino)pyridinylidene complexes of iron. 
 
Although the synthetic route to pyridinum salts appeared concise and straight forward, N-
acylation of the pyridine nitrogen proved particularly challenging.  Aryl imine 2.47 was readily 
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accessible via condensation of 2,6-diisoproylaniline onto commercially available 3-acetylpyridine 
(Scheme 2.26).  Unfortunately no reaction took place between pyridine 2.47 and imidoyl chloride 
2.25 regardless of solvent, concentration, or temperature, and use of the nitrilium triflate 
generated in situ only afforded complex mixtures. 





















In response to the failed synthesis of 1,3-bis(imino)pyridinium salts, an alternative 
pyridylidene precursor that would avoid the synthetic pitfall of N-acylation was developed. 
Relocation of the imine substitution from nitrogen to carbon of the pyridine would allow for 
installation of the Schiff base via well-established condensation chemistry, and generation of the 
required pyridinium salt could come from a much more facile alkylation of the pyridyl nitrogen. 
Adding to the novelty of this new class of bis(imino)pyridine-based ligands, a successful C-H 
activation and metalation to would represent the first example of a remote carbene53 complex of 
iron (Figure 2.10).  
The syntheses of pyridinium bromides 2.52 and 2.53 are shown below in Scheme 2.27. 
Oxidation of 3,5-lutidine with KMnO4 followed by acidification with concentrated sulfuric acid 
delivered pyridyldiacid 2.48 as a pure, white solid. Refluxing in thionyl chloride generated the 
diacyl chloride, which was used without further purification to efficiently access the diamide 2.49 
in decagram quantities. Addition of one equivalent of methyl lithium to each of the amides 
provided 3,5-diacetylpyridine 2.50, and while isolated yields were low, reproducibility across a 
broad range of reaction scales bolstered the synthetic utility of the transformation. An alternative 
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route to dione 2.50 modeled after the reported synthesis of the 2,6-diacetylpyridine54 was also 
investigated, however, yields were poor and irreproducible. Conventional attempts to condense 
2,6-diisopropyl aniline onto dione 2.50 were plagued by sluggish kinetics, even at high 
concentrations and at elevated temperatures in refluxing xylenes. Modification to a procedure 
developed by Brian Love and coworkers for the synthesis of sterically hindered imines55 worked 
quite well, and 3,5-bis(imino)pyridine 2.51 was obtained in a respectable 76% yield after 
recrystallization. Finally, alkylation with bromomethane or benzyl bromide cleanly provided 
pyridinium salts 2.52 and 2.53, respectively. Substitution with secondary electrophiles such as 2-
bromo- or iodopropane proved significantly more difficult, and no conversion was observed 
across a range of forcing conditions. 
Scheme 2.27. Synthesis of 1-alkyl-3,5-bis(imino)pyridinium salts 2.52 and 2.53. 
 
 Unlike many stable imidazol-2-ylidenes which can be synthesized and even isolated, a 
free pyridylidene has never been characterized, presumably due to the greater than 15 kcal/mol 
free energy increase as a function of decreased N-heteroatom stabilization of the electron poor 
carbene.53  Reminiscent of the synthesis of bis(imino)-N-heterocyclic carbene complexes 
previously described, a metalation protocol that did not involve the formation of the free carbene 
was critical. Unfortunately, reaction of pyridinium bromide 2.52 with [Fe(HMDS)2]2 and FeBr2 in 
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THF did not afford any of the C−H activated complex; rather, upon removal of solvent, the iron 
“ate” complex 2.54 was isolated as an air stable orange solid (Scheme 2.28, Figure 2.11). These 
findings were consistent with those previously reported by Danopoulos.43   
Scheme 2.28. Formation bis(imino)pyridinium iron “ate” complex  2.54. 
 
 
Figure 2.11. X-ray crystal structure of h bis(imino)pyridinium iron “ate” complex  2.54  with thermal 





Unfortunately, other attempts to directly C−H activate the acidic protons of the pyridinium 
using iron(II) and a latent base did not deliver any iron-carbene complexes. Heating with outer 
sphere bases such as sodium hydride or 2,6-lutidine only afforded the “ate” complex 2.54, which 
could also be synthesized by the simple mixing of pyridinium salt 2.52 and FeBr2 in THF for 5 
minutes at room temperature. 
Additional metalation experiments were carried out using iron-alkyl complexes47 as 
potential precursors, and while the desired iron−NHC species was never isolated, interesting 
alkylation and halogenation of the pyridinium substrate was observed. Both the alkyl and chloride 
ligands of Fe(py)2(CH2TMS)Cl were transferred to the electrophilic carbon α to the pyridinium 
nitrogen in approximately a 3:1 ratio, respectively (Scheme 2.29).  Similar migration of ligands in 
reactions with alkyl-iron species have been observed by both Chirik47 and Cámpora56 using 
bis(imino)pyridine ligands. Unfortunately, increasing reaction temperature or changing solvent 
did not afford any of the desired complex.  





2.4 Synthesis of Tetrahydropyrimidine-Based N-heterocyclic Carbene 
Precursors and Metalation to Iron 
 To definitively rule out the steric contribution of the ligand on the observed 4-
coordinate iron species, we undertook the synthesis of a 1,3-bis(imino)-N-heterocyclic carbene 
ligand containing a six-membered ring heterocycle.  We reasoned that a complex built upon a 
4,5,6-trihydropyrimidine N-heterocyclic carbene (Figure 2.12) would exhibit similar Ccarbene–
Npyrimidine–Camidine angles to the 2,6-bis(imino)pyridines, while still maintaining the potent σ-
donating ability of the NHC.57   A survey of the literature revealed that few saturated N-
heterocyclic carbene iron complexes had been reported,58 none of which contain the 4,5,6-
trihydropyrimidine heterocycle.  Such complexes would therefore provide fundamental structural 
and electronic information pertinent to the growing area of iron N-heterocyclic carbene 
chemistry. 
Figure 2.12. Proposed 1,3-bis(imino)trihydropyrimidin-2-ylidene complex of iron. 
 
 Given the rapid and high yielding nature of the previously employed sequential 
substitution strategy for nitrogen-containing heterocyclics, a similar sequence of transformations 
was applied to the construction of 1,3-bis(imino)-trihydropyrimidinium chloride salt 2.59 
(Scheme 2.30).  Starting with commercially available 1,4,5,6-tetrahydropyrimidine, deprotonation 
with n-butyl lithium followed by amidination with N-(2,6-diisopropylphenyl)acetimidoyl chloride 
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(2.25) cleanly delivered intermediate 2.58.59 Subsequent N-substitution in toluene and 
recrystallization from dichloromethane afforded carbene precursor 2.59 in multi-gram quantities. 
Scheme 2.30. Synthesis of bis(imino)trihydropyrimidinium chloride 2.59.  
 
 Attempts to metalate 2.59 using the previously mentioned procedure resulted in 
incomplete conversion to the iron−carbene complex. This observation was supported by the 
isolation of a yellow crystalline solid, which was determined by X-ray crystallography to be a 
[1,3-bis(imino)-4,5,6-trihydropyrimidinium]FeCl3 “ate” species 2.60 (Scheme 2.31, Figure 2.13).  
Danopoulos and coworkers have previously reported similar ion pairs during metalation reactions 
of sterically encumbered imidazolium salts with [Fe(HMDS)2]2, often as the major products when 
steric constraints prevent the imidazolium precursors from coming into close proximity to the 
metal center.43 Based on their findings, the authors hypothesized that the “ate” complexes are 
intermediates formed during the metalation process. 




Figure 2.13. X-ray structure of bis(imino)trihydropyrimidinium “ate” species  with thermal ellipsoids 2.60 
represented at the 50% probability level. Hydrogen atoms and solvent molecules were omitted for clarity. 
 
 We reasoned that ligation of the apparently less reactive 1,3-bis(imino)-4,5,6-
trihydropyrimidinium  could be driven to the desired complex by some simple modifications to  
the reaction protocol. Specifically, switching back to an in situ generated iron−amide (from the 
addition of NaHMDS to FeCl2) and gently warming to 50 oC for 24 hours converted all of the 
starting material including any traces of the “ate” complex to a new burgundy product 2.57.  In 
addition to the color change, infrared analysis of the solid product after crystallization yielded 
amidine stretches at 1612 and 1560 cm-1 for 2.57, compared to stretches at 1629 and 1587 cm-1 
for 2.60.  Interestingly, independently prepared “ate” complex 2.60 could also be converted to 
2.57 by simply heating in the presence of [Fe(HMDS)2]2.  These observations are consistent with 
“ate” complexes similar to 2.60 being intermediates en route to carbene ligation.  It could not be 
ruled out, however, that 2.60 forms as the kinetic product, which is subsequently equilibrated 




Scheme 2.32. Synthesis of bis(imino)-trihydropyrimid-2-ylidene complex 2.57. 
 
 Crystallization of 2.57 proved particularly challenging, but dark red crystals suitable for 
X-ray diffraction could be obtained by crystallization from a 2:3:2 v/v mixture of diethyl ether, 
dichloromethane, and THF.  Much to our delight, single crystal diffraction confirmed the 
tetragonal structure to be the desired pentacoordinate iron complex (Figure 2.14, Table 2.3). The 
distorted square pyramidal geometry is very similar to the bis(imino)pyridine complex 2.1.5  
However, careful evaluation of the data illuminates some notable differences between the 
pyridine and the N-heterocyclic carbene-containing molecules.  One of the most striking features 
of the new complex is the Fe(1)−C(1) bond length, which at 1.812(2) Å, is on par with the 
shortest iron-N-heterocyclic carbene bonds ever reported.60  This value is in contrast to the 
Fe(1)−C(1) bond lengths in 2.35 (2.091(3) Å) and 2.40 (2.085(2) Å), which are more typical for 
16-electron iron(II) complexes, as well as the iron−pyridine bond in 2.1 (2.091(4) Å).5  
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Figure 2.14. X-ray structure of bis(imino)trihydropyrimid-2-ylidene complex 2.57 at 100 K with thermal 




Table 2.3. Selected bond lengths (Å) and angles (deg) for bis(imino)trihydropyrimid-2-ylidene complex 
2.57. 
 Length (Å) Angle (deg) 
Fe(1)−C(1) 1.811(2)  
Fe(1)–Cl(1) 2.325(1)  
Fe(1)–Cl(2) 2.280(1)  
Fe(1)–N(3) 2.023(2)  
Fe(1)–N(4) 2.028(2)  
C(5)–N(4) 1.306(2)  
C(1)–N(1) 1.360(3)  
N(2)-C(5) 1.374(3)  
C(1)−N(2)−C(5)  112.0(2) 
C(1)–N(1)–C(19)  112.0(2) 
Cl(1)−Fe(1)−Cl(2)  106.40(2) 
 
 Additionally, the iron–amidine bond distances (i.e. Fe(1)–N(3) and Fe(1)–N(4)) are also 
contracted in relation to the analogous iron−imine bond distances of bis(imino)pyridine complex 
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2.1 (2.023(2) and 2.028(2) Å for 2.57 vs. 2.222(4) and 2.225(5) Å for 2.1). In fact, the iron–
amidine bonds in 2.57 are even shorter than the iron–imine bond lengths in the higher oxidation 
state iron(III) bis(imino)pyridine complexes (avg. Fe–N length 2.185 Å).61  Despite the closer 
proximity of the 1,3-bis(imino)-trihydropyrimidine ligand to the iron center in 2.57, the 
Fe(1)−Cl(1) and Fe(1)−Cl(2) distances are almost equivalent to those in complex 2.1 (2.280(2) 
and 2.325(1) Å for 2.57 vs. 2.263(2) and 2.317(2) Å for 2.57).  It is also curious that the 
C(5)−N(4) and C(19)−N(3) bond lengths in 2.57 (1.306(2) and 1.305(3) Å) are nearly identical to 
the analogous bound Cimine−Nimine distances in bis(imino)pyridine 2.57 (1.30(1) and 1.30(1) Å). 
 The reduced metal-ligand bond distances in 2.57 have a profound effect on the critical 
C(1)−N(2)−C(5) and C(1)−N(1)−C(19) amidine arm angles, which are both measured to be 
112.0(2)o. These numbers reflect significantly more acute geometries than those in the 
aforementioned tetrahedral complexes, and are more compressed than the analogous angles in 
bis(imino)pyridine complex 2.1 (114.3(4)o and 114.5(5)o).  Combined, these structural features 
result in a less open coordination environment for 2.57 compared to 2.1, the consequence of 
which is best reflected by comparing the “wingspan” of the complexes. Defined as the distance 
between the ipso carbons of the flanking aryl groups, the opening contracts from 6.58 Å for 2.1 to 
6.00 Å for 2.57 (Figure 2.15).  Considering that catalytic processes involving bis(imino)pyridine 
iron catalysts are particularly sensitive to the steric environment of the complex,62 it is anticipated 




Figure 2.15. Top down view of X-ray structure of bis(imino)trihydropyrimid-2-ylidene complex 2.57 at 
100 K highlighting the contracted wingspan. Hydrogen atoms, solvent molecules, and isopropyl groups not 







In conclusion, a variety of novel N-heterocylic carbene precursors were synthesized, some 
of which were successfully metallated to iron to generate new iron−NHC coordination 
compounds. Due to the instability of free bis(imino)-N-heterocyclic carbenes,41 a direct 
metalation strategy was developed utilizing iron−amides as suitable metal precursors readily react 
with imidazolium and trihydropyrimidinium salts. Unexpectedly, bis(imino)-N-heterocyclic 
carbene ligands based on a 5-membered, imidazol-2-ylidene core only provided tetrahedral at 
iron complexes with bidentate ligand binding regardless of aryl group substitution or the nature of 
the halide.  
A study was carried out to determine the origin of the observed ligation, in which both the 
steric and electronic parameters of the ligand were modified. To probe the effect of the increased 
ligand bite angle as a function of the 5-membered, imidazole-based core, one or both of the 
“arms” of the ligand was homologated to relieve any strain associated with metal-ligand binding. 
Surprisingly, iron complexes bearing either of these extended ligands were also 4-coordinate. 
Even more perplexing was the observation that 2.41 contained a completely unstrained 6-
membered metallacycle, yet the second imine was still not bound to iron.  
Attempts to attenuate the electron donating ability of the carbene were thwarted by 
unforeseen challenges metalating carbene precursors that were previously unknown on iron. The 
bis(imino)benzimidazolium triflate, designed as a less-donating ligand, readily decomposed in the 
presence of the chloride source that was required for the complex synthesis. 
As an alternative approach to evaluating the effect of the strongly σ-donating NHC as the 
central donor of the pincer ligand, various 6-memebered ring carbene precursors were 
synthesized. Thus, while making only subtle changes to the ligand geometry and bite angle, the 
pyridine could be replaced with the isoelectronic carbene. Synthesis of an abnormal and unstable 
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1,3-bis(imino)pyridinium salt was unsuccessful, however, routes to the remote carbene 
precursors,  1-alkyl-3,5-bis(imino)pyrimidium bromides (2.52 and 2.53) were accomplished in 6 
steps. Once again, complex synthesis was impeded by the metalation step. In this case, formation 
of the carbene was never observed under a variety of reaction conditions tried.   
The first pentacoordinate iron complex bearing a tridentate 1,3-bis(imino)4,5,6-
trihydropryimid-2-ylidene ligand was successfully generated by metalation of the corresponding 
chloride salt with an in situ generated iron−amide.63 In contrast to the other carbene-containing 
ligands, these findings suggest that the steric environment enforced by a central imidazol-2-
ylidene is most likely responsible for the observed binding modes to iron. Complex 2.57 contains 
one of the shortest iron−N-heterocylic carbene bonds known, which may suggest a unique 
bonding interaction between the metal and the carbene. These interesting data warranted a more 
detailed study of the iron−NHC interaction in conjunction with a thorough evaluation of the 
complex’s electronic structure. Such an investigation is the subject of chapter 3. In chapter 4, 





2.6.1 General Considerations 
Unless otherwise stated, all reactions were carried out in oven-dried glassware in a 
nitrogen atmosphere glovebox or using standard Schlenk line techniques.64 Solvents were used 
after passage through a solvent purification system similar to the one reported by Grubbs65 under 
a blanket of argon, and then degassed by briefly exposing the solvent to vacuum. Benzene-d6 was 
purchased from Cambridge Isotope Laboratories and was vacuum distilled from 
Na/benzophenone. Dichloromethane-d2 was purchased from Cambridge Isotope Laboratories and 
was vacuum distilled from CaH2. 
Organic reagents were purchased from Sigma-Aldrich, TCI America, or Fisher Scientific. 
FeBr2 and FeCl2 were purchased from Strem Chemicals. Infrared spectra were recorded on a 
Bruker Alpha-p spectrometer. Infrared spectra for air or water sensitive compounds (iron-
containing) were recorded in a glove bag filled with nitrogen. 1H NMR spectra were recorded on 
a Varian VNMRS (500 MHz) or INOVA (500 MHz) spectrometer. Data for diamagnetic 
compounds are reported as follows: chemical shift, multiplicity, coupling constants (Hz), and 
integration. 13C NMR spectra were recorded on a Varian VNMRS (125 MHz) or INOVA (125 
MHz) spectrometer with complete proton decoupling. 19F NMR spectra were recorded on a 
Varian VNMRS (470 MHz) spectrometer. All chemical shifts are reported in ppm from 
tetramethylsilane with the solvent as the internal reference. For paramagnetic complexes, NMR 
spectra are included in the section 2.6.3, however, the chemical shifts were not tabulated due to 
their complex nature. High-resolution mass spectra were obtained at the Boston College Mass 
Spectrometry Facility. Elemental analysis was carried out by Robertson Microlit Laboratories 
(Ledgewood, NJ). Magnetic moments were determined by Evans’s method50 according to the 
procedure published by Gibson and coworkers.66 
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Selected single crystals suitable for X-ray crystallographic analysis were used for 
structural determination. The X-ray intensity data were measured at 100(2) K (Oxford 
Cryostream 700) on a Bruker Kappa APEX Duo diffractometer system equipped with a sealed 
Mo-target X-ray tube ( = 0.71073 Å) and a high brightness IS copper source ( = 1.54178 Å). 
The crystals were mounted on a goniometer head with paratone oil. The detector was placed at a 
distance of 5.000 cm from the crystal. For each experiment, data collection strategy was 
determined by APEX software package and all frames were collected with a scan width of 0.5° in 
 and  with an exposure time of 10 or 20 s/frame.  
The frames were integrated with the Bruker SAINT Software package using a narrow- 
frame integration algorithm to a maximum 2 angle of 56.54° (0.75 Å resolution) for Mo data 
and 136.50° (0.83 Å resolution) for Cu data. The final cell constants are based upon the 
refinement of the XYZ-centroids of several thousand reflections above 20 (I). Analysis of the 
data showed negligible decay during data collection. Data were corrected for absorption effects 
using the empirical method (SADABS). The structures were solved and refined by full-matrix 
least squares procedures on F2 using the Bruker SHELXTL (version 6.12) software package. 
All hydrogen atoms were included in idealized positions for structure factor calculations except 
for those forming hydrogen bonds or on a chiral center. Anisotropic displacement parameters 







2.6.2 Experimental Procedures 
N-(2,6-dimethylphenyl)acetimidoyl chloride (2.16). To a solution of N-(2,6-
dimethylphenyl)acetamide (11.6 g, 71.3 mmol, 1.00 equiv) in CH2Cl2 (143 mL) 
was added 2,6-lutidine (8.67 mL, 74.9 mmol, 1.05 equiv). The solution was 
cooled to 0 oC and oxalyl chloride (6.42 mL, 74.8 mmol, 1.05 equiv) was added 
rapidly. (Caution: addition of oxalyl chloride causes violent gas evolution!)  The resulting yellow 
reaction mixture was allowed to stir for 30 minutes at 0 oC, during which time a white precipitate 
formed. The solvent was removed in vacuo, and the crude residue was extracted with pentane (4 x 
15 mL). The extracts were filtered through Celite and concentrated. Kugelrohr distillation (70 oC, 
0.05 mm Hg) afforded the imidoyl chloride 2.16 as a yellow oil (5.98 g, 46%).  
Spectroscopic data were in agreement with the reported literature values.67 
 
N-(1-(1H-imidazol-1-yl)ethylidene)-2,6-dimethylaniline (2.17). The title 




chloride (2.18). The title compound was prepared according 




chloride (2.22). In an inert atmosphere glovebox, N-(1-(1H-
imidazol-1-yl)ethylidene)-2,6-diisopropylaniline (2.27) (2.16 g, 
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8.00 mmol, 1.00 equiv) was dissolved in toluene (8.9 mL). A solution of imidoyl chloride 2.25 
(1.90 g, 8.00 mmol, 1.00 equiv) in toluene (17.8 mL) was then added via pipette, and the solution 
was allowed to stir at 23 oC for 15 minutes. The solvent was removed in vacuo, and the crude 
residue was washed with pentane (20 mL) to afford the title compound 2.22 as a fine white 
powder that was used without further purification (3.16 g, 78%). 
Characterization data were in agreement with the reported literature values.68  
 
N-(2,6-diisopropylphenyl)acetimidoyl chloride (2.25) To a solution of N-
(2,6-diisopropylphenyl)acetamide (15.3 g, 69.9 mmol, 1.00 equiv) in CH2Cl2 
(69.9 mL) was added 2,6-lutidine (8.50 mL, 73.4 mmol, 1.05 equiv). The 
solution was cooled to 0 oC and oxalyl chloride (6.30 mL, 73.4 mmol, 1.05 
equiv) was added rapidly. (Caution: addition of oxalyl chloride causes violent gas evolution!)  
The resulting yellow reaction mixture was allowed to stir for 30 minutes at 0 oC, during which 
time a white precipitate formed. The solvent was removed in vacuo, and the crude residue was 
extracted with hexanes (4 x 15 mL). The extracts were filtered through Celite and concentrated. 
Kugelrohr distillation (100 oC, 0.05 mm Hg) afforded the imidoyl chloride 2.25 as a yellow oil 
(12.3 g, 74%).  
Spectroscopic data were in agreement with the reported literature values.69 
 
N-(1-(1H-imidazol-1-yl)ethylidene)-2,6-diisopropylaniline (2.27). To a 
solution of imidazole (3.39 g, 49.8 mmol, 2.00 equiv) in CH2Cl2 (100 mL) 
was added a solution of imidoyl chloride 2.25 (5.93 g, 24.9 mmol, 1.00 
equiv) in CH2Cl2 (25.0 mL) dropwise via cannula. The reaction was allowed 
to stir for 4.5 hours at 23 oC during which time a white precipitate formed. The reaction mixture 
was poured into H2O (100 mL), and the product was extracted with CH2Cl2 (3 x 50 mL). The 
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combined organics were washed with saturated aqueous NaCl (100 mL), dried over Na2SO4, 
filtered, and concentrated to afford the title compound 2.27 as a tan solid that was used without 
further purification (6.22 g, 93%). 
1H NMR (CDCl3, 500 MHz) δ 8.23 (s, 1H), 7.72 (s, 1H), 7.19-7.14 (m, 3H), 7.13-7.09 (m, 1H), 
2.75 (h, J = 6.8 Hz, 2H), 2.18 (s, 3H), 1.16 (d, J = 6.8 Hz, 6H), 1.14 (d, J = 6.8 Hz, 2H) ; 13C 
NMR (CDCl3, 125 MHz) δ  148.86, 142.57, 137.15, 135.58, 130.53, 124.44, 123.39, 116.44, 
28.51, 23.28, 23.00, 16.42; IR (neat) 2962, 2923, 1679, 1477, 1387, 1295, 1236, 767 cm-1; HRMS 
(ESI+) Calcd. for C17H24N3 [M+H]+: 270.1970; Found 270.1978. 
 
N-(2,6-diisopropylphenyl)benzimidoyl chloride (2.30). The title compound 
was prepared according to the known literature procedure.44 
 
N-[(1H-imidazol-1-yl)(phenyl)methylene]-2,6-diisopropylaniline (2.31). 
The title compound was prepared according to the known literature 
procedure.70 
 
1,3-Bis[1-(2,6-diisopropylphenylimino)ethyl]imidazol-2-ylideneiron(II) bromide (2.33). In an 
inert atmosphere glovebox, FeBr2(THF)2 (177 mg, 0.493 mmol, 
1.0 equiv) was weighed into a 50 mL round bottom flask 
equipped with a magnetic stirbar and 180o joint and was 
suspended in THF (4.40 mL).The flask was removed from the 
glovebox, and the suspension was cooled to 0 oC. A solution of LiHMDS in THF (0.490 mL, 
.0493 mmol, 1.0 M, 1.00 equiv) was added dropwise, and the reaction mixture immediately 
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turned brown and homogeneous. The vessel was sealed and stirred at 0 oC for 12 hours. In a 
separate flask, imidazolium chloride 2.22 (250 mg, 0.493 mmol, 1.00 equiv) was suspended in 
THF (15.0 mL) and cooled to 0 oC. The iron containing solution was then added to the 
imidazolium suspension via cannula, immediately dissolving the white imidazolium salt and 
turning the solution a dark orange-red. The mixture was then warmed to 23 oC and allowed to stir 
for 2 hours. The solvent was removed in vacuo and the apparatus was taken into an inert 
atmosphere glovebox. Crystals of the title complex 2.33 suitable for x-ray diffraction were grown 
from layering pentane onto a diethyl ether solution of 2.33 at −40 oC. 
 
1,3-Bis[1-(2,6-diisopropylphenylimino)ethyl]imidazol-2-ylideneiron(II) chloride (2.34). In an 
inert atmosphere glovebox, FeCl2 (65.0 mg, 0.515 mmol, 0.500 
equiv) was weighed into a vial equipped with a magnetic stirbar. 
A solution of [Fe(HMDS)2]242 (194 mg, 0.258 mmol, 0.250 
equiv) in THF (7.80 mL) was added to the solid FeCl2 via 
pipette, and the suspension was allowed to stir at 23 oC for 20 minutes. During this time, the 
reaction mixture turned light brown and homogeneous. The solution was diluted with additional 
THF (20.0 mL), and then a suspension of imidazolium chloride 2.22 (522 mg, 1.03 mmol, 1.00 
equiv) in THF (24.0 mL) was added dropwise. Immediately upon addition, the imidazolium salt 
dissolved and the reaction mixture turned a warm yellow. The solution was allowed to stir for 2 
hours, and then the solvent was removed in vacuo. The crude yellow solid was dissolved in 
diethyl ether (20 mL) and THF (30 mL), layered with pentane, and cooled to −40 oC. Yellow 
crystals were collected in three subsequent crops to deliver the title complex 2.34 (301 mg, 49%). 
Crystals suitable for x-ray crystallography were grown from the vapor diffusion of pentane into a 
solution of 2.34 in THF at −40 oC.  
IR(neat) 1687, 1648, 1385, 1376, 1255, 802, 774; μeff = 4.9 μB at 298K (Evans’ method). 
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1,3-Bis[1-(2,6-dimethylphenylimino)ethyl]imidazol-2-ylideneiron(II) chloride (2.35). In an 
inert atmosphere glovebox, FeCl2 (12.5 mg, 0.0985 mmol, 0.500 
equiv) was weighed into a vial equipped with a magnetic stirbar. 
A solution of [Fe(HMDS)2]242 (37.1 mg, 0.0492 mmol, 0.250 
equiv) in THF (1.50 mL) was added to the solid FeCl2 via 
pipette, and the suspension was allowed to stir at 23 oC for 20 minutes. During this time, the 
reaction mixture turned light brown and homogeneous. A suspension of imidazolium chloride 
2.18 (77.8 mg, 0.197 mmol, 1.00 equiv) in THF (8.0 mL) was added dropwise. Immediately upon 
addition, the imidazolium salt dissolved and the reaction mixture turned a warm yellow. The 
solution was allowed to stir for 2 hours, and then the solvent was removed in vacuo to give an 
deep yellow solid. Crystals suitable for x-ray crystallography were grown from the vapor 
diffusion of pentane into a solution of 2.35 in THF at −40 oC.  
Characterization data were in agreement with the reported literature values.48 
 
1-chloro-2-(2,6-diisopropylphenylimino)propane (2.36). To a solution of 
chloroacetone (4.79 mL, 59.5 mmol, 1.00 equiv) in dichloromethane (107 mL) 
was added 2,6-diisopropylaniline (11.8 mL, 62.5 mmol, 1.05 equiv) and the 
mixture was cooled to 0 oC. A solution of titanium tetrachloride (3.30 mL, 29.8 mmol, 0.500 
equiv) in dichloromethane (12.0 mL) was added dropwise via cannula, immediately turning the 
reaction mixture a deep yellow. Triethylamine (33.0 mL, 238 mmol, 4.00 equiv) was then added 
dropwise, during which time the mixture turned orange-red and cloudy. The reaction was allowed 
to stir for one hour at 0 oC, and then three hours at 23 oC. Water (20 mL) was carefully added to 
quench any remaining titanium tetrachloride and the mixture was filtered through a pad of Celite. 
The filtrate was transferred into a separatory funnel containing water (300 mL), and the product 
was extracted with dichloromethane (3 x 100 mL). The combined organics were dried over 
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magnesium sulfate, filtered, and concentrated. The crude residue was purified by flash column 
chromatography eluting with 5% diethyl ether in pentane (Rf = 0.47) to deliver the title compound 
2.36 (8.79 g, 59%) as a yellow oil. Spectroscopic data were in agreement with the reported 
literature values.44 
 
N-1-[2-(2,6-diisopropylphenylimino)propyl]imidazole (2.37). A solution 
of imidazole (1.15 g, 16.8 mmol, 5.00 equiv) in dimethylformamide (DMF, 
5.00 mL) was cooled to 0 oC, and a solution of α-chloroimine 2.36 (848 mg, 
3.37 mmol, 1.00 equiv) in DMF (1.70 mL) was added dropwise via cannula. 
The solution was then allowed to gradually warm to 23 oC and was stirred for twelve hours. The 
mixture was poured into saturated aqueous sodium bicarbonate (20 mL), and the product was 
extracted with ethyl acetate (3 x 20 mL). The combined organics were washed with water (30 
mL) and brine (30 mL), then dried over sodium sulfate, filtered, and concentrated. The crude 
residue was purified by flash column chromatography eluting with 1% triethyl amine and 5% 
methanol in dichloromethane (Rf = 0.30) to deliver the title compound 2.37 as a white solid (752 
mg, 76%).  
1H NMR (CDCl3, 500 MHz) δ 7.60 (s, 1H), 7.14 (s, 1H), 7.11-7.03 (m, 3H), 7.00 (s, 1H), 4.87 (s, 
2H), 2.66-2.57 (m, 2H), 1.59 (s, 3H), 1.12 (d, J = 6.6 Hz, 6H), 1.10 (d, J = 6.8 Hz, 6H); 13C NMR 
(CDCl3, 125 MHz) δ  165.59, 144.88, 137.86, 135.91, 130.20, 124.13, 123.14, 119.54, 55.20, 
28.22, 23.22, 22.93, 17.75; IR (neat) 2960, 2869, 1681, 1663, 1506, 1436, 1328, 1229, 784, 752 






diisopropylphenylimino)propyl]imidazolium chloride (2.38). In 
an inert atmosphere glovebox, N-1-[2-(2,6-
diisopropylphenylimino)propyl]imidazole (2.37) (622 mg, 2.19 
mmol, 1.00 equiv) was weighed into a vial equipped with a magnetic stirbar. A solution of N-
(2,6-diisopropylphenyl)acetimidoyl chloride (2.25) (522 mg, 2.19 mmol, 1.00 equiv) in toluene 
(4.38 mL) was then added via pipette, and the solution was allowed to stir at 23 oC for twenty 
minutes. The solvent was removed in vacuo, and the crude residue was washed with pentane (20 
mL) to afford the title compound 2.38 as an off white solid, which was used without further 
purification (1.11 g, 97%). 
1H NMR (CDCl3, 500 MHz) δ 12.32 (dd, J = 1.5, 1.5 Hz, 1H), 8.28 (dd, J = 2.0, 2.0 Hz, 1H), 
7.54 (dd, J = 2.2, 1.5 Hz, 1H), 7.22-7.19 (m, 4H), 7.18-7.14 (m, 2H), 5.92 (s, 2H), 2.70-2.63 (m, 
4H), 2.60 (s, 3H), 2.04 (s, 3H), 1.27 (d, J = 6.8 Hz, 3H), 1.23 (d, J = 7.1 Hz, 3H), 1.19 (d, J = 6.8 
Hz, 3H), 1.12 (d, J = 6.8 Hz, 3H); 13C NMR (CDCl3, 125 MHz) δ 163.65, 148.40, 144.23, 140.67, 
139.85, 136.60, 135.78, 125.78, 124.50, 124.22, 123.74, 123.34, 116.76, 55.72, 28.69, 28.43, 
23.32, 23.14, 22.92, 22.66, 19.30, 16.90; IR (neat) 2962, 2925, 2868, 1696, 1675, 1577, 1539, 
1440, 1377, 1336, 1188, 775, 753 cm-1; HRMS (ESI+) Calc’d. for C32H45N4 [M+H]+: 485.3644; 
Found 485.3617. 
 
N,N-1,3-bis[2-(2,6-diisopropylphenylimino)propyl]imidazolium chloride (2.39). N-1-[2-(2,6-
diisopropylphenylimino)propyl]imidazole (2.37) (567 mg, 2.00 
mmol, 1.00 equiv) was weighed into a 25 mL round bottom flask 
equipped with a magnetic stirbar and affixed to a 180o adaptor 
containing ground glass joints and a Teflon stopcock.  A solution 
of α-chloroimine 2.36 (504 mg, 2.00 mmol, 1.00 equiv) in acetonitrile (2.00 mL) was added via 
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cannula transfer, and the flask was sealed and heated to 80 oC for nineteen hours. The solvent was 
removed in vacuo, and the apparatus was brought into an inert atmosphere glovebox. The crude 
residue was washed with pentane (10 mL) to afford the title compound 2.39 as an off white solid 
that was used without further purification (980 mg, 91%).  
1H NMR (CDCl3, 500 MHz) δ 11.00 (s, 1H), 7.44-7.43 (m, 2H), 7.06-7.00 (m, 6H), 5.50 (s, 4H), 
2.51-2.43 (m, 4H), 1.82 (s, 6H), 1.09 (d, J = 7.1 Hz, 6H), 0.96 (d, J = 6.8 Hz, 6H); 13C NMR 
(CDCl3, 125 MHz) δ 163.00, 144.24, 140.06, 135.76, 124.40, 123.17, 122.76, 55.56, 28.32, 
23.21, 22.70, 18.92; IR (neat) 3063, 2962, 2870, 1679, 1432, 1359, 1186, 1112, 1045, 784, 771, 




chloride (2.40). In an inert atmosphere glovebox, anhydrous 
iron(II) dichloride (60.8 mg, 0.480 mmol, 0.500 equiv) was 
weighed into a vial equipped with a magnetic stirbar. A solution of [Fe(HMDS)2]242 (181 mg, 
0.240 mmol, 0.250 equiv) in THF (7.30 mL) was added to the solid iron(II) dichloride via pipette, 
and the suspension was allowed to stir at 23 oC for twenty minutes. During this time, the reaction 
mixture turned light brown and homogeneous. The solution was diluted with additional THF 
(20.0 mL), and then a suspension of imidazolium chloride 2.38 (500 mg, 0.959 mmol, 1.00 equiv) 
in THF (20.8 mL) was added dropwise. Immediately upon addition, the imidazolium salt 
dissolved and the reaction mixture turned yellow. The solution was allowed to stir for two hours, 
and then the solvent was removed in vacuo. The crude yellow solid was dissolved in 
dichloromethane, layered with pentane, and cooled to −40 oC. The yellow crystals were filtered, 
washed with pentane (3 x 5 mL), and dried in vacuo to deliver the title complex 2.40 (297 mg, 
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51%). Crystals suitable for x-ray crystallography were grown by vapor diffusion of pentane into a 
solution of 2.40 in dichloromethane at −40 oC.  
IR (neat) 2961, 2868, 1678, 1634, 1435, 1394, 1365, 1300, 1253, 1214, 810, 782, 754, 733 cm-1; 
μeff = 5.0 μB at 298K (Evans’s method); Anal. Calc’d. for C32H44Cl2FeN4 (%): C, 62.86; H, 7.25; 
N, 9.16. Found (%): C, 62.89; H, 7.35; N, 8.98. 
 
N,N-1,3-bis[2-(2,6-diisopropylphenylimino)propyl]imidazol-
2-ylideneiron(II) chloride (2.41). In an inert atmosphere 
glovebox, anhydrous iron(II) dichloride (56.1 mg, 0.466 mmol, 
0.500 equiv) was weighed into a vial equipped with a magnetic 
stirbar. A solution of [Fe(HMDS)2]242  (175 mg, 0.233 mmol, 
0.250 equiv) in THF (7.90 mL) was added to the solid iron(II) dichloride via pipette, and the 
suspension was allowed to stir at 23 oC for twenty minutes. During this time, the reaction mixture 
turned light brown and homogeneous. The solution was diluted with additional THF (20.0 mL), 
and then a suspension of imidazolium chloride 2.39 (500 mg, 0.932 mmol, 1.00 equiv) in THF 
(19.6 mL) was added dropwise. Immediately upon addition, the imidazolium salt dissolved and 
the reaction mixture turned a yellow/orange. The solution was allowed to stir for two hours, and 
then the solvent was removed in vacuo. The crude yellow solid was dissolved in THF, layered 
with pentane, and cooled to −40 oC. The yellow crystals were filtered, washed with pentane (3 x 5 
mL), and dried in vacuo to deliver the title complex 2.41 (212 mg, 35%). Crystals suitable for x-
ray crystallography were grown by vapor diffusion of pentane into a solution of 2.41 in THF at 23 
oC. 
IR (neat) 2961, 2869, 1666, 1639, 1460, 1438, 1366, 809, 780, 747 cm-1; μeff = 5.1 μB at 298K 
(Evans’s method); Anal. Calc’d. for C33H46Cl2FeN4 (%): C, 63.37; H, 7.41; N, 8.96. Found (%): 




N-(1-(1H-benzo[d]imidazol-1-yl)ethylidene)-2,6-diisopropylaniline (2.42). To a solution of 
benzimidazole (555 mg, 4.70 mmol, 1.00 equiv) in CH2Cl2 (17.6 mL) was 
added triethylamine (660 μL, 4.70 mmol, 1.00 equiv). A solution of 
imidoyl chloride 2.25 (1.12 g, 4.70 mmol, 1.00 equiv) in CH2Cl2 (5.90 
mL) was added via cannula and the solution was allowed to stir for 4.5 
hours at 23 oC. The mixture was poured into H2O (20 mL), and the product was extracted with 
CH2Cl2 (3 x 15 mL). The combined organics were washed with saturated aqueous NaCl (20 mL), 
dried over Na2SO4, filtered, and concentrated to deliver the title compound 2.42 as an off-white 
solid that was used without further purification(1.35 g, 90%). 
1H NMR (CDCl3, 500 MHz) δ 8.58-8.53 (m, 1H), 8.42 (s, 1H), 7.88-7.84 (m, 1H), 7.43-7.48 (m, 
2H), 7.21-7.18 (m, 2H), 7.16-7.12 (m, 1H), 2.85 (h, J = 6.8 Hz, 2H), 2.35 (s, 3H), 1.18 (d, J = 
7.32 Hz, 6H), 1.16 (d, J = 7.1 Hz, 6H); 13C NMR (CDCl3, 125 MHz) δ  150.36, 144.63, 143.04, 
141. 25, 137.18, 132.59, 125.23, 124.30, 124.23, 123.42, 120.52, 116.61, 28.54, 23.60, 23.00, 
17.21; IR (neat) 2962, 2868, 1672, 1503, 1385, 1292, 768, 748 cm-1; HRMS (ESI+) Calcd. for 
C21H26N3 [M+H]+: 320.2127; Found 320.2127. 
 
 N,N’-Bis[1-(2,6-diisopropylphenylimino)ethyl]benzimidazolium trifluoromethansulfonate 
(2.43). In an inert atmosphere glovebox, N-(1-(1H-
benzo[d]imidazol-1-yl)ethylidene)-2,6-diisopropylaniline (2.42) 
(319 mg, 1.00 mmol, 1.00 equiv) was weighed into a vial 
equipped with a magnetic stirbar. A solution of imidoyl chloride 
2.25 (238 mg, 1.00 mmol, 1.00 equiv) in acetonitrile (5.00 mL) 
was added via pipette followed by a solution of AgOTf (257 mg, 1.00 mmol, 1.00 equiv) in 
acetonitrile (5.00 mL). Immediately upon addition of the AgOTf, a fine white precipitate was 
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observed. The reaction was protected from light and allowed to stir at 23 oC for 12 hours. The 
suspension was filtered through Celite, and the filtrate was concentrated to deliver the title 
compound 2.43 as a white solid that was used without further purification (667 mg, 99%). 
1H NMR (CDCl3, 500 MHz) δ 10.70 (s, 1H), 9.04 (dd, J = 6.6, 3.4 Hz, 2H), 7.81 (dd, J = 6.4, 3.2 
Hz, 2H), 7.27-7.20 (m, 6H), 2.79 (s, 6H), 2.78 (h, J = 6.8 Hz, 4H), 1.23 (d, J = 6.8 Hz, 12H), 1.17 
(d, J = 6.8 Hz, 12H); 13C NMR (CDCl3, 125 MHz) δ  152.33, 142.89, 141.17, 136.48, 130.94, 
129.75, 125.83, 123.79, 118.87, 28.66, 23.81, 22.91, 17.86; 19F NMR (CDCl3, 470 MHz) δ  
−78.44; IR (neat) 2966, 2870, 1693, 1550, 1277, 1256, 1224, 1030, 639 cm-1; HRMS (ESI+) 
Calcd. for C35H45N4 [M+H]+: 521.3644; Found 521.3633. 
 
 N,N’-Bis[1-(2,6-dimethylphenylimino)ethyl]imidazolium trifluoromethanesulfonate (2.44). 
In an inert atmosphere glovebox, imidazolium chloride 2.18 (197 
mg, 0.500 mmol, 1.0 equiv) and AgOTf (128 mg, 0.500 mmol, 1.0 
equiv) were weighed into a vial equipped with a magnetic stirbar. 
Acetonitrile (5.00 mL) was added, and the resulting suspension 
was stirred for 12 hours at 23 oC. The reaction mixture was filtered through Celite, and the filtrate 
was concentrated to afford the title compound 2.44 as a white solid that was used without further 
purification (247 mg, 97%). 
1H NMR (CDCl3, 500 MHz) δ 10.42 (s, 1H), 8.40 (s, 1H), 7.12-7.09 (m, 4H), 7.06–7.02 (m, 2H), 
2.57 (s, 6H), 2.05 (s, 12H); 13C NMR (CDCl3, 125 MHz) δ 149.40, 143.24, 136.46, 128.54, 
126.40, 125.21, 118.55, 18.01, 15.92; 19F NMR (CDCl3, 470 MHz) δ −78.44; IR (neat) 1703, 








acetylpyridine (1.60 mL, 14.6 mmol, 1.0 equiv) was added to a 2-neck 50 
mL round bottom flask equipped with a magnetic stirbar and Dean-Stark 
trap. Toluene (29.1 mL) was added followed by 2,6-diisopropylaniline 
(2.88 mL, 15.3 mmol, 1.05 equiv) and pTsOH•H2O (139 mg, 0.728 mmol, 0.050 equiv). The 
solution was heated to reflux and allowed to stir for 18 hours. The solvent was then removed in 
vacuo and the crude residue was purified by flash column chromatography eluting with 35% 
EtOAc in hexanes to deliver the title compound 2.47 as a yellow solid (4.00 g, 98%). 
1H NMR (CDCl3, 500 MHz) δ 9.20 (d, J = 1.7 Hz,1H), 8.73 (dd, J = 4.6, 1.5 Hz, 1H), 8.38 (ddd, 
J = 8.1, 2.2, 1.7 Hz, 1H), 7.42 (ddd, J = 7.8, 4.6, 0.7 Hz, 1H), 7.18-7.14 (m, 2H), 7.12-7.07 (m, 
1H), 2.70 (h, J = 6.8 Hz, 2H), 2.12 (s, 3H), 1.15 (d, J = 6.8 Hz, 12H) ;13C NMR (CDCl3, 125 
MHz) δ  163.05, 151.39, 148.84, 146.28, 136.06, 134.57, 134.50, 123.84, 123.55, 123.18, 28.45, 
23.33, 22.98, 18.03; IR (neat) 2960, 2868, 1633, 1382, 1021, 775, 706 cm-1; HRMS (ESI+) 
Calcd. for C19H25N2 [M+H]+: 281.2018; Found 281.2028. 
 
Pyridine-3,5-dicarboxylic acid (2.48). 3,5-lutidine (15.0 mL, 131 
mmol, 1.0 equiv) was weighed into a 1000 mL round bottom flask 
equipped with a magnetic stirbar and reflux condenser. H2O (655 mL) 
was added followed by solid KMnO4 (45.0 g, 283 mmol, 2.16 equiv). The purple solution was 
heated to reflux for 2 hours during which time a brown precipitate formed. The reaction was 
cooled to 23 oC, and another portion of KMnO4 (45.0 g, 283 mmol, 2.16 equiv) was added. The 
mixture was brought back to reflux and allowed to stir for 12 hours. After recooling to 23 oC, the 
reaction mixture was filtered through Celite and concentrated to approximately 350 mL. The 








immediately forming a colorless precipitate. The resulting suspension was cooled to 20 oC for 48 
hours, and then solid was collected by filtration and washed with cold H2O. Thorough drying in 
vacuo delivered the title compound 2.48 as a white solid (12.7 g, 58%).  
1H NMR (DMSO-d6, 500 MHz) δ 13.76 (s, 2H), 9.28 (d, J = 2.2 Hz, 2H), 8.68 (t, J = 2.0 Hz, 1H); 
13C NMR (DMSO-d6, 125 MHz) δ  165.52, 153.50, 137.32, 126.70; IR (neat) 1719, 1655, 1155, 
745, 680 cm-1; HRMS (ESI+) Calcd. for C7H6N1O4 [M+H]+: 168.0297; Found 168.0302. 
 
Pyridine-3,5-diylbis(morpholinomethanone) (2.49). Pyridine-
3,5-dicarboxylic acid (1.41) (6.00 g, 35.9 mmol, 1.0 equiv) was 
weighed into a 50 mL round bottom flask equipped with a 
magnetic stirbar and reflux condenser. Thionyl chloride (52.2 mL, 718 mmol, 20.0 equiv) was 
added, and the suspension was refluxed for 12 hours during which time the mixture became 
homogeneous. After cooling to 23 oC, excess thionyl chloride was removed in vacuo to afford 
pyridine-3,5-diacytyl chloride, which was immediately used in the subsequent reaction. The 
diacid chloride was dissolved in CH2Cl2 (180 mL) and the solution was cooled to 0 oC. 
Triethylamine (15.1 mL, 108 mmol, 3.00 equiv) was then added dropwise, causing the solution to 
turn brown, followed by morpholine (6.50 mL, 75.4 mmol, 2.10 equiv). The reaction was 
gradually warmed to 23 oC, during which time a white precipitate was observed, and was then 
allowed to stir for 3 hours. The mixture was poured into saturated aqueous NH4Cl (150 mL) and 
the product was extracted with CH2Cl2 (3 x 75 mL). The combined organics were washed with 
H2O (100 mL), saturated aqueous NaCl (100 mL), dried over Na2SO4, filtered, and concentrated. 
Trituration with pentane (3 x 20 mL) and drying in vacuo delivered the title compound 2.49 as a 




3,5-diacetylpyridine (2.50). Pyridine-3,5-diylbis(morpholinomethanone) 
(1.41) (17.3 g, 56.6 mmol, 1.00 equiv) was weighed into a 1000 mL round 
bottom flask equipped with a magnetic stirbar and pressure equalizing 
dropping funnel. The diamide was dissolved in THF (209 mL) and the resulting solution was 
cooled to 0 oC. The dropping funnel was charged with a solution of MeLi in diethyl ether (74.3 
mL, 119 mmol, 2.10 equiv, 1.6 M), which was then added dropwise to the diamide over 45 
minutes. Immediately upon addition of the MeLi, the reaction mixture turned a warm yellow and 
became very cloudy. The reaction was allowed to stir for 1 hour at 0 oC, and was then quenched 
at 0 oC by the addition of H2O (30 mL). The mixture was poured into H2O (150 mL), and the 
product was extracted with EtOAc (3 x 150 mL). The combined organics were washed with 
saturated aqueous NaCl (150 mL), dried over MgSO4, filtered, and concentrated. Purification by 
flash column chromatography eluting with 80% EtOAc in hexanes delivered the title compound 
2.50 as a tan solid (2.74 g, 30%). 
1H NMR (CDCl3, 500 MHz) δ 9.32 (d, J = 2.0 Hz, 2H), 8.72 (t, J = 2.2 Hz, 1H), 2.70 (s, 6H); 13C 
NMR (CDCl3, 125 MHz) δ  196.10, 153.24, 135.01, 132.21, 27. 02; IR (neat) 3066, 1688, 1586, 




diisopropylaniline) (2.51). 3,5-diacetylpyridine (2.50) (545 mg, 
3.34 mmol, 1.00 equiv) was weighed into a vial equipped with a 
magnetic stirbar. 2,6-diisopropylaniline (1.89 mL, 10.0 mmol, 3.00 
equiv) was added followed by Si(OEt)4 (1.49 mL, 6.68 mmol, 2.0 equiv) and concentrated H2SO4 
(3 drops). The vessel was sealed with a Qorpak cap, and heated to 160 oC for 12 hours. The 
resulting deep red residue was directly purified by flash column chromatography eluting with 1% 
244 
 
Et3N and 18% EtOAc in hexanes. Subsequent recrystallization from hot acetonitrile delivered the 
title compound 2.50 as yellow needles (1.18 g, 73%).  
1H NMR (CDCl3, 500 MHz) δ 9.35 (d, J = 2.2 Hz, 2H), 8.89 (t, J = 2.0 Hz, 1H), 7.19-7.16 (m, 
4H) 7.13-7.09 (m, 2H), 2.73 (h, J = 6.8 Hz, 4H), 2.19 (s, 6H), 1.17 (d, J = 6.8 Hz, 24H); 13C 
NMR (CDCl3, 125 MHz) δ  162.98, 150.13, 146.21, 136.04, 134. 27, 132.86, 123.98, 123.24, 
28.52, 23.36, 23.03, 18.26; IR (neat) 2960, 2868, 1642, 1460, 1365, 1234, 758 cm-1; HRMS 
(ESI+) Calcd. for C33H44N3 [M+H]+: 482.3535; Found 482.3524. 
 
3,5-bis-1-(2,6-diisopropylphenylimino)ethyl)-1-methylpyridinium 
bromide(2.52). 3,5-diiminopyridine 2.51 (612 mg, 1.27 mmol, 1.00 
equiv) was weighed into a vial equipped with a magnetic stirbar and 
a rubber septum. Bromomethane (approx. 5 mL) was condensed into 
a 2-neck 25 mL round bottom flask by passage over a cold-finger 
condenser cooled to −78 oC, and the liquid was then added via cannula to the vial containing 3,5-
diiminopyridine 2.51. The rubber septum was replaced with a Qorpak cap, and resulting yellow 
solution was allowed to stir for 48 hours at 0 oC. The cap was removed and excess bromomethane 
was allowed to evaporate, affording the title compound 2.52 as a yellow crystalline solid (730 
mg, 99%) that was used without further purification.  
1H NMR (CDCl3, 500 MHz) δ 10.08 (d, J = 1.5 Hz, 2H), 9.59 (t, J = 1.7 Hz, 1H), 7.21-7.14 (m, 
6H), 5.06 (s, 3H), 2.60 (h, J = 6.8 Hz, 4H), 2.41 (s, 6H), 1.16 (d, J = 6.8 Hz, 12H), 1.14 (d, J = 
6.8 Hz, 12H) ; 13C NMR (CDCl3, 125 MHz) δ  160.48, 145.50, 144.82, 140.27, 138.31, 135.68, 
124.94, 123.41, 50.10, 28.60, 23.38, 22.98, 18.95; IR (neat) 2956, 2866, 1647, 1437, 1235, 787, 





bromide (2.53). 3,5-diiminopyridine 2.51 (262 mg, 0.544 mmol, 
1.00 equiv) was weighed into a 25 mL round bottom flask equipped 
with a magnetic stirbar and 180o joint. Acetonitrile (5.44 mL) was 
added followed by benzyl bromide (67.9 μL, 0.571 mmol, 1.05 
equiv). The flask was sealed and the suspension was heated to 45 oC for 12 hours during which 
time the mixture became homogeneous. The reaction was then cooled to 0 oC, and a yellow 
precipitate formed. The solid was filtered and washed with cold acetonitrile. A second crop of 
crystals was obtained by concentration of the filtrate and subsequent recrystallization from 
acetonitrile to deliver the title compound 2.53 as a yellow crystalline solid (283 mg, 80%). 
1H NMR (CDCl3, 500 MHz) δ 10.19 (s, 2H), 9.56 (s, 1H), 7.81-7.78 (m, 2H), 7.49-7.45 (m, 3H), 
7.20-7.13 (m, 6H), 6.64-6.59 (m, 2H), 2.54 (h, J = 6.8 Hz, 4H), 2.40 (s, 6H), 1.14 (d, J = 6.8 Hz, 
12H), 1.10 (d, J = 6.8 Hz, 12H); 13C NMR (CDCl3, 125 MHz) δ  160.44, 144.83, 144.56, 140.45, 
138.42, 135.59, 132.80, 130.35, 130.27, 129.88, 124.93, 123.40, 64.75, 28.60, 23.32, 22.88, 
18.96; IR (neat) 2963, 1648, 1458, 1438, 1238, 757 cm-1; HRMS (ESI+) Calcd. for C40H50N3 
[M+H]+: 572.4005; Found 572.3990. 
 
Bis(imino)pyridinium iron “ate” complex (2.54). In an 
inert atmosphere glovebox, FeBr2 (21.6 mg, 0.100 mmol, 
1.00 equiv) was weighed into a vial equipped with a magnetic 
stirbar. A solution of 3,5-bis-1-(2,6-
diisopropylphenylimino)ethyl)-1-methylpyridinium (2.52) 
(46.1 mg, 0.100 mmol, 1.00 equiv) in THF (1.50 mL) was added directly to the FeBr2. The 
heterogeneous mixture was allowed to stir for 5 minutes at 23 oC, during which time the reaction 
became deep red and homogeneous. The solvent was removed in vacuo to deliver the title 
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compound 2.54 as an orange solid. Crystals suitable for x-ray crystallography were grown from 
layering pentane onto a solution of 2.54 in approx. 1:1 CH2Cl2:Et2O.   
IR (neat) 2960, 2867, 1648, 1624, 1459, 1254, 1185, 815, 759, 681, 671 cm-1. 
 
N,N'-(1,1'-(1-methyl-2-((trimethylsilyl)methyl)-1,2-dihydropyridine-3,5-diyl)bis(ethan-1-yl-
1-ylidene))bis(2,6-diisopropylaniline) (2.55). In an inert atmosphere 
glovebox, Fe(py)2(CH2TMS)Cl56 (37.8 mg, 0.112 mmol, 1.00 equiv) 
was weighed into a vial equipped with magnetic stirbar. The iron 
alkyl was dissolved in THF (3.60 mL), and the resulting deep red 
solution was cooled to −40 oC. In a separate vial, a solution of 
pyridinium bromide 2.52 (64.6 mg, 0.112 mmol, 1.00 equiv) in THF (2.00 mL) was also 
precooled to −40 oC. The pyridinium solution was then added dropwise via pipette to the iron 
solution, and the reaction mixture was allowed to gradually warm to 23 oC. After 3 hours, the 
solvent was removed in vacuo, and a crude residue was removed from the glovebox, treated with 
H2O (5.0 mL) and CH2Cl2 (5.0 mL), and the biphasic mixture was allowed to stir for 3 hours. The 
aqueous layer was extracted with CH2Cl2 (3 x 5 mL), and the combined organics were dried over 
Na2SO4, filtered, and concentrated. Purification by column chromatography eluting with 1% Et3N 
and 6% EtOAc in hexanes delivered the title compound 2.55 as the more polar of two highly 
colored yellow compounds.  
1H NMR (CDCl3, 500 MHz) δ 7.59 (d, J = 1.2 Hz, 1H), 7.14-7.08 (m, 5H), 7.05-6.98 (m, 2H), 
5.38 (t, J = 3.9 Hz, 1H), 3.19 (s, 3H), 2.87-2.65 (m, 4H), 1.91 (s, 3H), 1.81 (s, 3H), 1.40 (dd, J = 
15.4, 5.1 Hz, 1H), 1.17-1.10 (m, 24H), 0.08 (s, 9H) ; 13C NMR (CDCl3, 125 MHz) δ  163.86, 
160.04, 147.74, 147.32, 144.56, 137.52, 137.31, 136.80, 136.03, 126.97, 124.02, 122.99, 122.97, 
122.88, 122.86, 122.51, 108.75, 56.34, 42.24, 28.32, 28.26, 28.22, 28.20, 23.80, 23.42, 23.38, 
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23.36, 23.27, 23.11, 23.10, 20.94, 16.88, 16.65, 1.17, 0.21; IR (neat) 2959, 2868, 1638, 1600, 
1396, 850,763 cm-1; HRMS (ESI+) Calcd. for C38H58N3Si1 [M+H]+: 584.4400; Found 584.4423. 
 
N,N'-(1,1'-(2-chloro-1-methyl-1,2-dihydropyridine-3,5-diyl)bis(ethan-1-yl-1-ylidene))bis(2,6-
diisopropylaniline) (2.56). The title compound 2.56 was isolated as 
the less polar of the two colored compounds generated in the 
synthesis of 2.55 (see procedure above).  
1H NMR (CDCl3, 500 MHz) δ 8.01 (s, 1H), 7.15-6.95 (m, 7H), 6.88 
(s, 1H), 5.53 (s, 1H), 3.15 (s, 3H), 2.95 (h, J = 6.6 Hz, 1H), 2.85 (h, J 
= 7.3 Hz, 2H), 2.67 (h, J = 6.8 Hz, 1H), 2.03 (s, 3H), 1.81 (s, 3H), 1.21 (d, J = 7.0 Hz, 3H), 1.19 
(d, J = 7.1 Hz, 3H), 1.16 (d, J = 7.3 Hz, 3H), 1.14 (d, J = 7.1 Hz, 3H), 1.07 (d, J = 5.6 Hz, 3H), 
1.05 (d, J = 5.4 Hz, 3H), 0.88 (d, J = 6.8 Hz, 3H), 0.86 (d, J = 6.8 Hz, 3H); 13C NMR (CDCl3, 
125 MHz) δ  163.83, 159.92, 147.58, 147.38, 145.71, 137.44, 136.84, 136.37, 136. 03, 129.32, 
123.16, 122.99, 122.83, 122.79, 122.74, 122.59, 118.98, 111.03, 60.86, 46.04, 29.86, 28.72, 
28.41, 28.25, 28.04, 23.49, 23.38, 23.33, 23.31, 23.14, 23.04, 22.92, 17.52, 16.02; IR (neat) 2960, 
2868, 1602, 1584, 1257, 759, 734 cm-1; HRMS (ESI+) Calcd. for C34H4535Cl1N3 [M+H]+: 
530.3302; Found 530.3322. 
 
N,N-1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]4,5,6-trihydropyrimid-2-ylideneiron 
chloride (2.57). In an inert atmosphere glove box, anhydrous 
iron(II) dichloride (509 mg, 4.01 mmol, 1.05 equiv) was suspended 
in THF (58 mL) and cooled to −40 oC. To the cold suspension was 
then added dropwise to a precooled (−40 oC) solution of sodium 
hexamethyldisilazide (736  mg, 4.01 mmol, 1.05 equiv) in THF (41 mL) and the mixture was held 
at −40 oC and agitated occasionally for twelve hours. The mixture was then warmed to 23 oC for 
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twenty minutes, during which time most of the remaining solid dissolved. The orange/brown 
solution was recooled to −40 oC, filtered through Celite, and added to a precooled (−40 oC) 
suspension of 2.59 (2.00 g, 3.82 mmol, 1.00 equiv) in THF (38 mL). The suspension was allowed 
to gradually warm to 23 oC during which time it turned deep orange in color. The reaction 
mixture was then transferred to a Schlenk tube, removed from the drybox, and heated to 50 oC for 
twenty-four hours, during which time the solution turned a dark wine red. The volatiles were 
removed in vacuo, and the crude solid was brought back into the glovebox. The crude was 
recrystallized from Et2O, CH2Cl2, and THF (200 mL, 2:3:2 v/v) at −40 oC delivering X-ray 
quality crystals (755 mg, 32%). 
IR (neat) 2959, 2866, 1612, 1560, 1389, 1322, 1291, 1206, 794, 769 cm-1; μeff = 5.0 μB in THF at 
298K, μeff = 4.6 μB in CH2Cl2 at 298K (Evans’s method); Anal. Calc’d. for C32H46Cl2FeN4 (%): C, 
62.65; H, 7.56; N, 9.13. Found (%): C, 61.57; H, 7.48; N, 8.46. 
 
N-1-[1-(2,6-diisopropylphenylimino)ethyl]-4,5,6-trihydropyrimidine (2.58). A solution of 
1,4,5,6-tetrahydropyrimidine (0.201 mL, 2.45 mmol, 1.00 equiv) in THF (20.0 
mL) was cooled to −78 oC and n-butyl lithium in hexanes (1.00 mL, 2.57 
mmol, 2.57 M, 1.05 equiv) was added dropwise, during which time a white 
precipitate formed. The precipitate dissolved upon completion of the addition, 
and the mixture was allowed to stir for twenty minutes at −78 oC. To the reaction was then added 
a solution of N-(2,6-diisopropylphenyl)acetimidoyl chloride (2.25) (582 mg, 2.45 mmol, 1.00 
equiv) in THF (4.0 mL) via cannula transfer. The solution was allowed to stir for one hour at −78 
oC, and was then warmed to 23 oC and allowed to stir for another hour. The mixture was poured 
into water (40 mL), and the product was extracted with dichloromethane (3 x 30 mL). The 
combined organics were dried over sodium sulfate, filtered, and concentrated to afford the title 
compound 2.58 as a white solid (677 mg, 97%) that was used without further purification.  
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1H NMR (CDCl3, 500 MHz) δ 7.87 (s, 1H), 7.11-7.08 (m, 2H), 7.02 (dd, J = 8.6, 7.1 Hz, 1H), 
3.87 (t, J = 6.1 Hz, 2H), 3.49 (t, J = 4.9 Hz, 2H), 2.77-2.68 (m, 2H), 1.99-1.94 (m, 2H), 1.89 (s, 
3H), 1.13 (d, J = 6.8 Hz, 3H), 1.12 (d, J = 6.8 Hz, 3H); 13C NMR (CDCl3, 125 MHz) δ 152.30, 
144.56, 144.20, 137.80, 123.16, 123.09, 44.68, 41.29, 28.32, 23.34, 23.08, 21.27, 15.23; IR (neat) 
2957, 2920, 2850, 1620, 1458, 1380, 749 cm-1; HRMS (ESI+) Calc’d. for C18H28N3 [M+H]+: 
286.2283; Found 286.2279. 
 
N,N-1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]4,5,6-trihydropyrimidinium chloride 
(2.59). In an inert atmosphere glovebox, 1-[1-(2,6-
diisopropylphenylimino)ethyl]-4,5,6-trihydropyrimidine (2.58) (819 
mg, 2.87 mmol, 1.00 equiv) was dissolved in toluene (5.00 mL). A 
solution of N-(2,6-diisopropylphenyl)acetimidoyl chloride (2.25) 
(682 mg, 2.87 mmol, 1.00 equiv) in toluene (4.60 mL mL) was then added via pipette, and the 
solution was allowed to stir at 23 oC for twenty minutes during which time a white precipitate 
formed. The solvent was removed in vacuo, and the crude solid was recrystallized from 
dichloromethane layered with pentane at −40 oC. The colorless crystals were filtered, washed 
with pentane (3 x 10 mL), and dried in vacuo to deliver the title compound 2.59 as a crystalline 
white solid (1.188 g, 79%).   
1H NMR (CDCl3, 500 MHz) δ 9.88 (s, 1H), 7.18-7.11 (m, 6H), 4.36 (t, J = 5.9 Hz, 4H), 2.78-2.70 
(m, 4H), 2.61 (s, 6H), 2.49 (p, J = 5.9 Hz, 2H), 1.21 (d, J = 6.8 Hz, 6H), 1.13 (d, J = 6.8 Hz, 6H); 
13C NMR (CDCl3, 125 MHz) δ 153.86, 153.34, 141.97, 136.83, 125.07, 123.48, 42.11, 28.49, 
23.52, 23.02, 18.79, 16.23; IR (neat) 2960, 2868, 1620, 1586, 1234, 1196, 764, 751 cm-1; HRMS 




N,N-1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]4,5,6-trihydropyrimidinium iron “ate” 
complex (2.60). In an inert atmosphere glovebox, FeCl2 (12.1 
mg, 0.0957 mmol, 1.00 equiv) was weighed into a vial with a 
stirbar. A suspension of pyrimidinium chloride 2.59 (50.0 mg, 
0.0957 mmol, 1.00 mmol) in THF (4.8 mL) was added and the 
reaction was stirred at 23 oC. After 5 minutes, the reaction was homogeneous and bright yellow. 
After 25 minutes, the reaction was concentrated to approx. 2 mL, filtered, layered with pentane, 
and cooled to −40 oC. Yellow crystals of the title compound 2.60 were filtered, washed with 
pentane, and dried in vacuo (45 mg, 72%). Crystals suitable for X-ray crystallography were 
grown from a mixture of Et2O, THF, CH2Cl2, pentane (8:4:3:2 v/v/v/v) at −40 oC. 
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NMR (top) and IR (bottom) spectra for 1,3-Bis[1-(2,6-diisopropylphenylimino)ethyl]imidazol-2-









NMR spectra for N-1-[1-(2,6-diisopropylphenylimino)ethyl]-N-3-[2-(2,6-









NMR (top) and IR (bottom) spectra for N-1-[1-(2,6-diisopropylphenylimino)ethyl]-N-3-[2-(2,6-
diisopropylphenylimino)propyl]imidazol-2-ylideneiron(II) chloride 2.40. 
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NMR spectra for N,N’-Bis[1-(2,6-diisopropylphenylimino)ethyl]benzimidazolium 











NMR spectra for N,N’-Bis[1-(2,6-dimethylphenylimino)ethyl]imidazolium 












































NMR (top) and IR (bottom) spectra for N,N-1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]4,5,6-
trihydropyrimid-2-ylideneiron chloride 2.57. 
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NMR (top) and IR (bottom) spectra for N,N-1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]4,5,6-














Electronic Structure, Redox Activity, and Metal−NHC Bonding in 




3.1 Introduction  
The ability to design, tune, and utilize synthetic tools such as transition metal catalysts is 
greatly dependent on our understanding of such species. The study of their essential properties 
such as physical parameters, steric environments, and electronic structures (for example oxidation 
and spin states) allows chemists to not only correlate and compare one structure to another, but 
also to predict reactivity profiles and ultimately advance the field of catalysis in a scientific, 
logical fashion.  
 The characterization and structure elucidation of the middle to late transition metal 
complexes based on first row elements (Fe, Co, Ni) is particularly important yet equally 
challenging due to the propensity of such species to undergo single electron processes and adopt 
multiple ground state electronic configurations, many of which are paramagnetic. Spectroscopic 
tools such as nuclear magnetic resonance (NMR), which has been classically used to gain 
information about the environment of protons as well as carbon, nitrogen, phosphorus, fluorine, 
boron, and many other nuclei, can be dramatically complicated or even rendered useless by the 
paramagnetic nature of such complexes. Additionally, it is often the case that the oxidation state 
of such species can be elusive or ambiguous, as electron counting formalisms do not account for 
the redox non-innocent ligands. Due to these complications, tools such as X-ray crystallography, 
electron paramagnetic resonance (EPR) spectroscopy, Mössbauer spectroscopy, SQUID 
magnetometry, and DFT calculations have served as invaluable tools for such convoluted 
characterizations.1  
In the last chapter, a new class of iron−N-heterocyclic carbene complex that 
demonstrated bizarre structural parameters was synthesized and confirmed by crystallographic 
methods. In this chapter a more thorough analysis of the electronic structure as well as 
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metal−ligand bonding in these novel species will be illustrated, ultimately with the hope of 
understanding such complexes as to successfully apply them to catalysis.   
3.1.1 Redox Active Ligands in Catalysis – An Overview 
 In Chapter 2, the power of bis(imino)pyridine ligands to impart reactivity and selectivity 
for base metal catalysis was highlighted in a review of the diverse range of transformations that 
the iron complexes are known to catalyze. While it is well established that organic ligands are 
invaluable for tuning the steric and/or electronic properties of the overall complex, it is usually 
implied that the ligands themselves are innocent spectators during a reaction. These so called 
ancillary ligands support the metal center responsible for the bond making and breaking steps.   
 In contrast, new classes of “redox non-innocent”2 and cooperative3 ligands have been 
developed over the past few decades that play a significantly more active role in the catalysis.4 
The concept of a non-innocent ligand was first introduced by Jørgensen in 1966, in which he 
established that “ligands are innocent when they allow oxidation states of the central atom to be 
defined.” In essence, a non-innocent ligand is one that will be easily oxidized or reduced by one 
or more electrons; when the electron comes from the metal center itself leading to ambiguity in 
assigning oxidation state, the ligands are called “non-innocent”. When the oxidation or reduction 
event at the ligand is affected by an external oxidant or reductant yet the oxidation state of the 
metal remains clearly defined, the ligands are referred to as “redox active”.5  
 A classic example of a redox non-innocent ligand is the η2-ethylene of the Dewar-Chatt-
Duncanson model6 for olefin complexes (Figure 3.1). Experimental data for the (η5-C5Me5)2Ti(η2-
CH2=CH2) established a situation where the complex is neither best represented Ti(II) as drawn in 
3.1 or Ti(IV) in 3.2; the oxidation state of titanium is somewhere ambiguously in between.7  
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Figure 3.1. Redox non-innocence in (η5-C5Me5)2Ti(η2-CH2=CH2). 
 
 One of the most well studied complexes containing a redox active ligand is the active site 
of cytochrome P450 (Figure 3.2), the biological catalyst responsible for C−H oxidation.8 While 
formal electron counting would lead one to believe the complex is an iron(V)oxo species, 
rigorous electronic structure determination has elucidated the compound as an iron(IV)oxo 
ligated by a single electron oxidized heme thiolate.9  Because the oxidation state of both the metal 
and ligand centers are clear, the FeIV(O)porphyrin(●+) is a perfect example of a complex bearing a 
redox active ligand.  
Figure 3.2. The oxo-ferryl intermediate of cytochrome P450. 
 
 It is not a coincidence that nature has evolved redox active ligands for challenging 
catalytic processes. It is also no accident that such ligands are generally found in nature ligating 
first row, base transition metals. In contrast to the noble metals that have dominated modern 
organometallic chemistry, first row metals display very different modes of reactivity due to 
inherently lower ligand field splitting energies. In general, catalysts based on palladium, 
platinum, or iridium undergo two electron processes for bond making and breaking reactions. 
Supporting this behavior, iridium is known to adopt Ir(I), Ir(III), and Ir(V) oxidation states as a 
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function of two electron oxidation and reduction events. In stark contrast, first row metals such as 
iron, nickel, and cobalt engage in both single and two electron processes, leading to various 
competing reaction pathways that can be challenging to control.1 Accordingly, it is not 
uncommon to find reports of iron in Fe(0), Fe(I), Fe(II), Fe(III), Fe(IV), Fe(V), and Fe(VI) 
oxidation states. By employing a redox active ligand as an electron sink or reservoir, base metal 
catalysts can support net two electron processes by combining single electron reactions from both 
the ligand and the metal. This concept will be discussed in more detail in Section 3.1.2. 
Redox active ligands are not limited, however, to spectator roles in transition metal 
catalysis. Nitrenoids, carbenoids, and metal oxos (such as that in cytochrome P450) are all 
examples of species whose reactivity profiles can be directly correlated to their distinction as 
redox active.4a A recent report from Betley and coworkers demonstrated an elegant C−H 
amination by an iron-bound, redox active imido radical (Scheme 3.1).10 The key intermediate 
(3.3) was assigned by a combination of X-ray crystallography, Mössbauer spectroscopy, and 
computational methods as a high spin (S = 5/2) iron center antiferromagnetically coupled to a 
ligand radical, the combination of which was believed to be the origin of the observed reactivity. 
In this example, the redox active ligand is said to be an “actor” in the reaction as it is directly 
involved in the bond making and breaking process. 
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 Cobalt catalyzed cyclopropanation of olefins is another prime example of redox active 
ligands engaging substrates in catalysis.  As shown below in Scheme 3.2, paramagnetic 
CoII(salen) and CoII(porphyrin) (3.5) complexes react readily with diazoalkanes to generate 
cobalt-carbenoid species such as 3.6, which have been shown by EPR spectroscopic and DFT 
computational techniques11 to contain significant radical character on the carbene.12 The radical 
character on the redox active ligand renders it nucleophilic towards alkenes, forming the first 
C−C bond and a new radical (3.7). Finally, C−C bond generation with concomitant Co−C bond 
cleavage13 delivers the desired cyclopropane and regenerates the active catalyst.  
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Scheme 3.2. Radical mechanism for the CoII(porphyrin)-catalyzed cyclopropanation of alkenes. 
 
 The breadth of redox non-innocent and active ligands utilized in catalysis is simply too 
vast to be covered in this overview, however, there are numerous published reviews on the ever 
growing field.4 In the next few sections, special attention will be given to the redox activity of 
complexes bearing bis(imino)pyridine and N-heterocyclic carbene ligands as they will directly 
relate to the bis(imino)-N-heterocyclic carbene ligands developed in Chapter 2.  
3.1.2 Redox Activity in Bis(imino)pyridine Complexes of Iron 
Due to its ability to support a multitude of iron- and cobalt-catalyzed transformations, the 
bis(imino)pyridine ligand framework has garnered much attention over the past two decades.14 
Although introduced in 1998 as an iron-bound ancillary ligand for olefin polymerization,15 a new 
era in the in the application and understanding of bis(imino)pyridine ligands began in 2004 when 
Chirik and coworkers isolated the first bis(imino)pyridineFe(N2)2 complex (3.9, Scheme 3.3).16 
The ability 3.9 to serve as a competent precatalyst for hydrogenation,17 hydrosilylation,18 
hydroboration,19 and cycloaddtion reactions20 warranted a detailed study of the species in hopes 
of shedding light on its remarkably diverse catalytic capabilities.  
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Scheme 3.3. Reduction of bis(imino)pyridineFeCl2 to generate bis(imino)pyridineFe(N2)2. 
 
 Although formally an Fe(0) complex, a series of experiments including X-ray 
crystallography, SQUID magnetometry, Mössbauer spectroscopy, and DFT computations, have 
shown that 3.9 is best represented as an intermediate spin (S = 1) ferrous center coupled to a 
doubly anionic, triplet bis(imino)pyridine ligand (Figure 3.3).16,21 Evidence for a two electron 
reduction of the ligand was first observed crystallographically; the C−N distances of the imine 
moieties were observed to considerably elongate from 1.280 Å in the dichloride complex 3.8 to 
1.333 Å in 3.9, indicating a significant reduction in bond order. Additionally, Mössbauer 
spectroscopy determined an isomer shift of 0.39 mm/s and a quadrupole splitting of 0.53 mm/s 
for the iron center. These values are in agreement with intermediate spin (S =1) ferrous electronic 
configurations, and are not even close to the expected isomer shift of 0 mm/s for Fe(0). 
Corroborated by DFT calculations and the observation that the overall complex was diamagnetic, 
the data pointed to a redox active ligand that had been doubly reduced while still ligated to an 
Fe(II) center.  




 The redox activity of the bis(imino)pyridine was similarly demonstrated for formally 
Fe(I) complexes (3.10, Scheme 3.4) that had only been singly reduced.22 Lengthening of the C−N 
imine bond was again observed crystallographically, except to less of an extent than in as in the 
doubly reduced 3.9 (1.301 Å in 3.10 versus 1.333 Å in 3.9). Mössbauer spectroscopy established 
an isomer shift of 0.77 mm/s and a quadrupole splitting of 0.73 mm/s, which unambiguously 
point to a high spin (S = 2) ferrous center, indicating no reduction of the metal. Combined with an 
overall magnetic moment of 4.0 μB,23 the best representation of the structure is a high spin iron(II) 
center antiferromagnetically coupled to a singlet, anionic ligand.  
Scheme 3.4. Synthesis and electronic structure of bis(imino)pyridineFeCl. 
 
 The ability of the bis(imino)pyridine ligand to accept one or two electrons, thus 
attenuating the oxidation state of the iron center, has been shown to be of importance with regard 
to catalysis. Whereas first row metals can undergo both one and two electron processes over the 
course of a reaction, pairing a redox active metal to a redox active ligand presents an opportunity 
for controlled two electron events. This strategy has been beautifully studied by Chirik and 
coworkers in the context of iron-catalyzed cyclization reactions.24 
 To be sure that dissociation of one of the imine arms of the ligand could not take place 
during mechanistic studies, Chirik et al. developed a new bis(imino)pyridine ligand in which the 
imine was tethered to the meta position of the central pyridine (3.11).24 The group then 
synthesized, isolated, and characterized each of the proposed intermediates from the reaction 
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using techniques as described above. A summary of the proposed catalytic cycle along with 
electronic assignments for each complex is shown below in Scheme 3.5. Analogous to 3.9, the 
starting bis(dinitrogen) complex 3.11 is an intermediate spin (S = 1) ferrous iron coupled to a 
doubly reduced bis(imino)pyridine ligand. Upon addition of a diene (E = NTs) and displacement 
of the labile dinitrogen ligands, 3.12 was isolated and was determined to be a high spin (S = 3/2) 
Fe(I) metal center paired with the singly reduced ligand. Oxidative cyclization affords 
metallacyclopentane 3.13, which spectroscopically agrees best with an intermediate spin ferric 
iron (S = 3/2), again coupled to the radical anion ligand. Reductive elimination closes the cycle 
and generates the bicyclic product.  
Scheme 3.5. Proposed catalytic cyclic for [2π + 2π] cyclization of α,ω-dienes. 
 
 The ability of the bis(imino)pyridine to serve as a redox active reservoir for electrons 
enables an Fe(I/III) cycle, avoiding Fe(0) species that are known to decompose by ligand 
dissociation and ultimately precipitation of elemental iron.25 Although such thorough 
investigations have not been carried out on many of the other iron-bis(imino)pyridine catalyzed 
processes, it is clear that the redox activity of the ligand can assist in the stabilization of various 




3.1.3 N-heterocyclic Carbenes – Structure, Bonding, and Redox Activity 
Over the past few decades, N-heterocyclic carbenes (NHCs) have become ubiquitous in 
organometallic catalysis due to their unique properties as ancillary ligands.26 Often perceived as 
alternatives to phosphines, the success of NHCs in catalysis has inspired theoretical and 
experimental chemists alike to explore the specific nature of the metal−carbene bond. NHCs were 
originally thought to be exclusively -donors, but it is now well accepted that additional orbital 
contributions from the carbene system have a significant role in metal−ligand bonding. 
Specifically, metal to ligand backbonding has been observed for a large number of low spin, d-
block complexes (b,Figure 3.4). The extent of backbonding depends largely on the nature of the 
metal and the NHC involved.27 Additionally, computational examination of metal−NHC 
bonding28 has revealed significant donating capabilities for NHCs, especially when 
coordinated to electron deficient metal ions (c, Figure 3.4). 
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Figure 3.4. Simplified molecular orbital mixing diagrams for metal-carbene bonding. 
 
Notably absent from the NHC literature are complexes that contain evidence for single 
electron contributions from metals to redox non-innocent Arduengo-type29 carbenes (d, Figure 
3.4), an open shell phenomenon that could result in antiferromagnetic interactions. While there 
are no isolated NHC complexes that demonstrate non-innocence at the metal-bound carbon,30 a 
rare example has been observed for a transiently generated rhenium(0) NHC complex (3.14, 
Scheme 3.6).31  Photolysis of [Re(CO)5]2 in the presence of the free NHC 1,3-bis-(2,4,6-
trimethylphenyl)-imidazol-2-ylidene (IMes) resulted in a signal in the electron paramagnetic 
resonance (EPR) spectrum that had hyperfine coupling to both the rhenium metal center and the 
imidazole nitrogen atoms.  This behavior clearly suggests radical residence on both the transition 
metal and the NHC ligand.  In addition to spectroscopic evidence, Arnold and Liddle have also 
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implicated redox activity of NHC ligands to explain the differences in reactivity between NHC 
complexes of yttrium and samarium.32 
Scheme 3.6. Observation of redox non-innocence in Re−NHC complexes upon UV irradiation (λ>300 nm). 
 
In contrast to Arduengo-type carbenes, cyclic(alkyl)(amino)carbenes (CAACs), 
popularized by Guy  Bertrand, have recently been shown to demonstrate redox active properties 
in a handful of settings. An elegant example was reported by the Bertrand group in 2013, in 
which a bis(CAAC)AuCl complex (3.15) was reduced in an attempt to isolate the corresponding 
gold(0) species (3.16, Scheme 3.7).33 The authors suggest that EPR spectroscopy supports a 
carbon-centered radical (g = 1.9607), which was further corroborated by calculations performed 
with the NBO method. From the data, it was concluded that the spin density in 3.16 was mostly 
localized on the carbene carbons (60%) (the radical is delocalized over the two carbene ligands), 
with some contribution from the nitrogen atoms (20%), leaving approximately 20% spin density 
on gold. In effect, the result is a gold center that has significantly more gold(I) than gold(0) 
character due to the ligand reduction. 




 In analogy to Bertrand’s gold example, Roesky, Frenking, and Dittrich reported very 
similar reactivity for a linear bis(CAAC) manganese34 and zinc complexes.35 Upon reduction of 
(CAAC)MnCl2 (3.17, Scheme 3.8) in the presence of another equivalent of carbene, formally 
manganese(0) complex 3.18 was synthesized. An overall magnetic moment of 4.15 μB suggested 
a potentially more complicated electronic structure than what was expected for the S = 5/2 
species (μB = 5.9). Rather, the observed magnetic moment was most consistent with an S = 3/2 
complex. Further investigation, including EPR and computational studies established that the data 
best represented a manganese(I) center (S = 2) antiferromagnetically coupled to the singlet 
CAACs. Although less electronic structure data was presented in the case of the zinc species, it 
was demonstrated that zinc-bound CAACs could activate CO2, highlighting some unusual 
reactivity of the reduced carbenes. Although the CAAC class of ligand can be considered redox 
active, it is worth note that in all transition metal examples, the metal complexes are both linear 
homoleptic, which could be greatly influencing the redox potentials of the compounds.  
Scheme 3.8. Reduction of a bis(CAAC)manganese species revealing a redox active carbene. 
 
Finally, Fischer-type carbenoids, especially those of paramagnetic, first-row transition 
metals, have demonstrated redox non-innocent behavior.11 To rationalize the observation that 
such complexes are active for radical-based processes such as cyclopropanation and C−H 
activation, it has been proposed that -donation from the singlet carbene increases the ligand field 
splitting to such an extent that the vacant carbon-centered  p orbital is actually lower in energy 
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than the d-based highest occupied molecular orbital (HOMO) (d, Figure 3.4). In the case of d7 
complexes, an additional electron occupies the antibonding orbital, effectively weakening the 
M−C bond and contributing to the highly reactive nature of such species. Given the similarity 
between Arduengo-type NHCs and Fischer type carbenes in that both are potent -donors and 
have the ability to accept electron density from a metal, it is curious that, to the best of our 
knowledge, there are no reports of isolable complexes displaying redox non-innocence for the 
heterocyclic carbene variant.  
3.1.4 Combining N-heterocyclic Carbenes and Bis(imino)pyridines – The Bis(imino)-N-
heterocyclic Carbene Ligand 
In the last chapter, the synthesis of a new iron complex bearing a bis(imino)-N-
heterocyclic carbene (which will now heretofore be referred to as a carbenodiimine, CDI) was 
described. Noteworthy was the central trihydropyrimid-2-ylidene donor of the ligand, which is a 
class of NHC that had never been reported for iron complexes.36 In fact, limited examples of any 
saturated NHCs, even of the more common dihydroimidazolium variety, are known for iron 
coordination chemistry.37 We surmised that replacing the central pyridine with a sterically similar 
but electronically different NHC would have a significant impact on the metal−ligand bonding in 
the complex. X-ray diffraction studies revealed significant deviations from typical metal-ligand 
bond distances, including one of the shortest iron−carbene bond lengths observed to date 
(1.812(2) Å).38 These data prompted a more thorough inquiry into the electronic structures of 
these complexes.   
In this chapter, the synthesis and characterization of three related iron complexes 
containing the CDI framework will be illustrated and compared to the parent (CDI)FeCl2 (3.19). 
Variable temperature X-ray crystallography as well as solid state magnetometry, Mössbauer 
spectroscopy, and computational methods suggest metal−ligand bonding interactions that are 
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significantly less straightforward than the commonly accepted motifs for metal−NHC ligation (a-
c, Figure 3.4). From this data, it seems that most if not all of the observed phenomena including 
metal-ligand antiferromagnetic coupling, spin crossover, and ligand-based redox activity are 
directly related to this unique ligand−metal interaction. These findings could have significant 
implications for bonding and catalysis in other complexes containing N-heterocyclic carbenes, 




3.2 Synthesis and Characterization of Oxidized and Reduced Bis(imino)-N-
heterocyclic Carbene Complexes of Iron 
3.2.1 Synthesis of Bis(imino)-N-heterocyclic Carbene Complexes of Iron 
Chapter 2 described the synthesis of (CDI)FeCl2 (3.19) from the corresponding 
tetrahydropyrimidinium chloride salt and an in situ generated iron amide. Analytically pure 
material could be obtained by crystallization from a 2:3:2 (v/v/v) mixture of diethyl ether, 
dichloromethane, and tetrahydrofuran, respectively.  
Single electron reduction of 3.19 was achieved with a single equivalent of sodium 
naphthalide. Dark red needles of (CDI)FeCl (3.20) suitable for X-ray crystallography were grown 
from a toluene solution layered with hexanes at 23 °C (Scheme 3.9). Exhaustive reduction of 3.19 
with an excess of sodium/mercury amalgam under an atmosphere of CO delivered a bright 
orange, diamagnetic compound (CDI)Fe(CO)2 (3.21, Scheme 3.9). Proton nuclear magnetic 
resonance spectroscopy (1H NMR) established a Cs symmetric complex containing the tridentate 
bis(imino)trihydropyrimid-2-ylidene. Two strong stretches were observed in the infrared (IR) 
spectrum at 1913 and 1839 cm-1, which was consistent with the Cs symmetry of the complex.  
Oxidation of (CDI)FeCl2 was possible by treating 3.19 with acetylferrocenium 
tetrafluoroborate39 in dichloromethane (Scheme 3.9). After removal of the acetylferrocene by 
washing with pentane, [(CDI)FeCl2](BF4) (3.22) was obtained by crystallization from the same 
mixture of diethyl ether, dichloromethane,  and THF used to crystallize complex 3.19. Infrared 
analysis reflected a new C−N imine stretch at 1627 cm-1 in addition to three large peaks at 1043, 
1026, and 1008 cm-1, which can be attributed to the tetrafluoroborate anion. A magnetic moment 




Scheme 3.9. Oxidation and reduction of (CDI)FeCl2. 
 
3.2.2 Characterization Data for (CDI)FeCl (3.20) 
The structures of complexes 3.19-3.22 were established by X-ray diffraction as well as by 
magnetic susceptibility, Mössbauer, and where appropriate, electron paramagnetic resonance 
(EPR) spectroscopic techniques. The structure of (CDI)FeCl (3.20) (Figure 3.5, Table 3.1) is best 
described as distorted square planar at iron with the geometric constraints of the CDI ligand 
prohibiting the ideal 90° angles.  Nonetheless, the metal center is coplanar with the CDI and 
chlorine ligands, as is evident from the sum of the coordination sphere angles of 360.0°. The most 
striking feature of the structure is the iron−carbene bond (Fe(1)−C(1)),  which at 1.791(3) Å, is 
the shortest of the series of complexes synthesized. Additionally, the average distance between 
the carbon of the NHC and the tetrahydropyrimidine nitrogens (i.e. C(1)−N(1) and C(1) −N(2)) 





Figure 3.5. X-ray crystal structure of (CDI)FeCl (3.20) with thermal ellipsoids represented at the 50% 
probability level. Hydrogen atoms and solvent molecules were omitted for clarity. 
 
 





(S = ½)a  
Calc.  
(S = 3/2)b 
Fe(1)−C(1) 1.791(3) 1.824 1.993 
Fe(1)–Cl(1) 2.253(1) 2.274 2.240 
Fe(1)–N(3) 1.977(3) 2.055 2.278 
Fe(1)–N(4) 2.028(2) 2.057 2.255 
C(5)–N(4) 1.308(5) 1.313 1.304 
C(1)–N(1) 1.390(4) 1.386 1.387 
N(2)-C(5) 1.369(4) 1.376 1.387 
N(3)–Fe(1)–N(4) 158.9(1) 157.6 141.9 
C(1)–Fe(1)–Cl(1) 178.9(1) 176.1 168.5 
δ 0.25 0.34 0.55 
|ΔEQ| 1.94 1.53 1.83 
aSpontaneously converged to a BS(2,1) solution. 




Concurrent with the lengthening in these bond distances is shortening of the N−C bond 
between the tetrahydropyrimidine and the imine carbons (i.e. N(2)−C(5) and N(1)–C(19)) from 
1.373(3) Å in 3.19 to 1.360(4) Å in 3.20.  On the one hand, the observed changes to the ligand 
may be an indication of increased back-donation from the metal into ligand π* orbitals, but on the 
other hand, they are on par with similar changes observed in ligand-based reduction events 
observed in analogous bis(imino)pyridine systems.41 X-ray data for (CDI)FeCl (3.20) were 
collected across a range of temperatures up to 250 K with no statistical change to the solid state 
structure.  
To gain insight into the oxidation and spin state of the iron center, Mössbauer 
spectroscopy was carried out in collaboration with Matthew J. T. Wilding and Professor 
Theodore Betley at Harvard University. The zero field 57Fe Mössbauer spectrum of (CDI)FeCl 
(3.20) recorded at 90 K (Figure 3.6)  was accurately modeled as the sum of contributions from 
three unique quadrupole doublets, suggesting that three distinct iron centers were present in the 
sample. The major component had an isomer shift of +0.25 mm/s and a quadrupole splitting of 
1.94 mm/s. The major isomer shift is low for a high spin iron(I) complexes42 and is more 
consistent with a low spin iron(I) or intermediate spin iron(II) configuration.  Fitting of the data 
for the minor quadrupole doublets revealed that the impurities comprised 16% and 7% of the 
sample with Mössbauer parameters of δ = 0.96, -0.44 mm/s and |ΔEQ| = 1.88, 1.88 mm/s, 
respectively.  Unfortunately, repeated crystallization of (CDI)FeCl did not remove these 




Figure 3.6. Zero-field 57Fe Mössbauer spectrum of (CDI)FeCl (3.20) obtained at 90 K. Simulation yields 
the following parameters: δ, |ΔEQ|(mm/s) component 1 (77%): 0.25, 1.94 (Γ) = 0.18 mm/s); component 2 
(16%): 0.96 , 1.88 (Γ) = 0.10 mm/s); component 3 (7%): -0.44, 1.88 (Γ) = 0.13 mm/s) where Γ = half width 
at half height. 
 
Nevertheless, the non-integer spin system allowed for the characterization of the complex 
with X-band EPR spectroscopy thanks to collaboration with Stephanie L. Daifuku and Professor 
Michael L. Neidig at the University of Rochester.  Measurements carried out on a frozen solution 
(6:1, toluene:benzene) of 3.20 at 10 K revealed a mixture of species with the major component 
being characterized by a broad rhombic signal with g-values of 2.85, 2.21 and 1.91 (Figure 3.7).  
These values are consistent with an S = ½ spin system with the radical residing predominately in 
a metal-based orbital.  Measurements carried out at elevated temperatures revealed no appreciable 
difference in the spectrum (Figure 3.8), which is consistent with the variable temperature X-ray 






Figure 3.7. 10 K experimental EPR spectrum (blue, top) and simulated spectrum (black, bottom) for 
(CDI)FeCl (3.20).  The best simulation for this mixed contribution spectrum using a minimal number of 
components required the inclusion of three distinct S = ½ species. Species 1: g = 2.85, 2.21, 1.91 (weight = 
77%), Species 2: g = 3.05, 2.18, 2.08 (weight = 21%) and Species 3: g = 2.55, 2.50, 2.17 (weight = 2%).  
Additional contributions from further small weight percentage impurities are also likely present (< 3% 
weight), but were not included in the minimal fit focused on major species contributions. 
 
Figure 3.8. 80 K experimental EPR spectrum of (CDI)FeCl (3.20).  
 





















3.2.3 Characterization Data for (CDI)Fe(CO)2 (3.21) 
Crystals suitable for X-ray crystallography of (CDI)Fe(CO)2 (3.21) were grown by vapor 
diffusion of pentane into a saturated benzene solution at 23 °C (Figure 3.9, Table 3.2). Consistent 
with IR and 1H NMR spectroscopies, the distorted square pyramidal complex exhibits Cs 
symmetry with CO ligands in the basal and axial positions. (CDI)Fe(CO)2 (3.21) contains a short 
iron–carbene bond (Fe(1)−C(1) = 1.830(1) Å), which is not as contracted as it is in (CDI)FeCl2 
(3.19) or (CDI)FeCl (3.20). Nevertheless, it is still unusually short as compared to other formally 
iron(0)−NHC complexes.43 On the other hand, the iron−imine distances are shorter compared to 
the values for parent complex 3.19. As was the case with (CDI)FeCl (3.20), lengthening of the 
tetrahydropyrimidine and imine C−N bonds (i.e. C(1)–N(1) = 1.380(2) Å and C(5)−N(4) = 
1.314(2) Å) is observed along with shortening of the N−C bond between the pyrimidine and the 
imine (i.e. N(2)−C(5) = 1.365(2) Å).  
Figure 3.9. X-ray crystal structure of (CDI)Fe(CO)2 (3.21) with thermal ellipsoids represented at the 50% 




Table 3.2. Selected bond lengths (Å), angles (deg), and Mössbauer parameters (mm/s) for (CDI)Fe(CO)2 
(3.21). 
 Exp. 
(100 K) a 
Calc. 
(S = 0) 
Calc. 
(S = 1) 
Fe(1)−C(1) 1.830(1) 1.824 1.923 
Fe(1)–C(33) 1.753(2) 1.752 1.779 
Fe(1) –C(34) 1.801(2) 1.830 1.828 
Fe(1)–N(3) 1.986(1) 2.027 2.236 
C(5)–N(4) 1.314(2) 1.318 1.295 
C(1)–N(1) 1.380(2) 1.379 1.377 
N(2)-C(5) 1.372(2) 1.373 1.396 
δ −0.13 −0.03 - 
|ΔEQ| 1.19 1.67 - 
 aMössbauer parameters measured at 90 K 
 
The zero field 57Fe Mössbauer spectrum of (CDI)Fe(CO)2 (3.21) was measured at 90 K, 
and exhibited a single isomer shift at −0.13 mm/s with a quadrupole splitting of 1.19 mm/s 
(Figure 3.10, Table 3.2). These values are significantly lower than typical iron dichloride 
complexes and are consistent with the strongly π-acidic nature of the carbonyl ligands. 
Interestingly, the Mössbauer fitting parameters are nearly identical with the analogous 
bis(imino)pyridine iron dicarbonyl complex (δ = 0.03 mm/s, |ΔEQ| = 1.17 mm/s) and corresponds 
well to low spin Fe(0) oxidation states.41   This closed shell character agrees well with the 










Figure 3.10. Zero-field 57Fe Mössbauer spectrum of (CDI)Fe(CO)2 (3.21) obtained at 90 K. Simulation 
yields the following parameters: δ, |ΔEQ|(mm/s) at 100 K: −0.13, 1.19 (Γ) = 0.13 mm/s) where Γ = half 
width at half height. 
 
3.2.4 Characterization Data for (CDI)FeCl2 (3.19) 
Using a superconducting quantum interference device (SQUID), solid-state magnetic 
susceptibility data were obtained on a polycrystalline sample of (CDI)FeCl2 (3.19) from 2 K to 
300 K (Figure 3.11). The sample demonstrated complicated magnetic behavior as a function of 
temperature.  A noticeable feature in the data is a plateau in Χ•T at nearly 1.00 emu•K/mol that 
exists between 100 K and approximately 150 K.  Below 100 K, Χ•T significantly decreases.  
Above 150 K, there is a gradual increase in Χ•T that continues until the sample reaches the 








Figure 3.11. Variable-temperature SQUID magnetization data for (CDI)FeCl2 (3.19). Experimental data 
are represented by filled circles. The simulation (red line) is a combination of two models: below 100 K, 
the data were fit to an S = 1 iron complex with significant contributions from zero-field splitting (gav = 
2.01, |D| = 26 cm-1, |E| = 6 cm-1), above 100 K, the data were fit using the Sorai domain model to describe 
spin transitions, for which the high-spin fraction is given by x = 1/[ 1 + exp{(ΔH/R)(1/T −1/Tc)}44 with a 
transition temperature of Tc = 563 K and an enthalpy term ΔH = 705 cm−1. 
 
The value for Χ•T at the intermediate temperatures is close to the spin only value 
expected for an S = 1 metal complex.  The decrease in Χ•T at low temperature is consistent with 
contributions from zero field splitting, which is common for intermediate spin iron(II) 
complexes.45 The 2-150K region of the magnetic data could be successfully modeled assuming an 
S = 1 spin state.  The gav that best fits the data is 2.01 ± 0.02, which is slightly higher than the g-
value of a free electron.  The zero field splitting parameters that best fit these data are |D| = 26 ± 5 
cm-1 and |E| = 6 ± 2 cm-1.46  The zero field splitting parameters are within normal limits observed 
for intermediate spin iron(II) complexes, but gav is a bit low.47  Intermediate spin iron(II) 
complexes often exhibit significant spin-orbit coupling, which leads to g-values that are  much 
larger than 2.0.47  
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The data between 100 K and 300 K clearly represents an increase in effective magnetic 
moment with increasing temperature, which is indicative of a thermal influence on spin state 
population.   The data in this temperature regime could be successfully modeled according to 
Sorai’s domain model44 (red line, Figure 3.11) assuming a spin state change from an S = 1 to an S 
= 2 ground state.  The best fit of the data suggest a spin transition temperature of 563 K, which 
accounts for the incomplete transition by 300 K that is observed.  
As a further complication, the observed magnetic moment from SQUID magnetometry 
was different from what was measured by Evans’ method.40 This discrepancy can be explained by 
a difference in magnetic behavior in the solid versus solution state.  Supporting this hypothesis 
was the dependence of the solution state magnetic moment on the identity of the solvent and the 
noticeable solvatochromatic behavior of the complex.48 The sensitivity of the complex to minor 
changes in the environment is expected for a complex with intermediate and high spin states that 
are close in energy at room temperature.  
Due to the anticipated variations in spin states for 3.19, variable temperature X-ray 
crystallographic experiments were carried out to correlate structural perturbation with changes in 
electronic structure (Figure 3.12).49 Metrical parameters for 3.19 were recorded at 100, 150, 200, 
and 250 K (Table 3.3). Unfortunately, warming the sample to 298 K resulted in rupture of the 
crystal, possibly due to rapid evaporation of dichloromethane from the crystal lattice. 
Nonetheless, considerable changes to most of the key metal−ligand bond distances were observed 
upon increasing the temperature. Specifically, the iron–carbene bond length elongated from the 
abnormally short 1.811(2) Å to 1.882(3) Å at 100 and 250 K, respectively. Additionally, the 
average iron–imine bond distances extended from 2.026(2) Å to 2.104(3) Å. These dramatic 




Figure 3.12. ORTEP plot of (CDI)FeCl2 (3.19) recorded at 100 K at the 50% probability level. Hydrogen 
atoms and solvent molecules were omitted for clarity. 
 
 
Table 3.3. Selected bond lengths (Å), angles (deg), and Mössbauer parameters (mm/s) for (CDI)FeCl2 
(3.19). 
 
Additionally, changes to the CDI ligand were also observed. From 100 to 250 K, the 










(S = 1)c 
Calc.  
(S = 2)d 
Fe(1)−C(1) 1.811(2) 1.832(2) 1.850(2) 1.882(3) 1.823 2.024 
Fe(1)–Cl(1) 2.325(1) 2.321(1) 2.322(1) 2.321(1) 2.372 2.365 
Fe(1)–Cl(2) 2.280(1) 2.270(1) 2.265(1) 2.257(1) 2.275 2.265 
Fe(1)–N(3) 2.023(2) 2.037(2) 2.062(2) 2.103(3) 2.073 2.286 
Fe(1)–N(4) 2.028(2) 2.041(2) 2.065(2) 2.104(2) 2.069 2.282 
C(5)–N(4) 1.306(2) 1.300(3) 1.299(3) 1.289(4) 1.298 1.281 
C(1)–N(1) 1.360(3) 1.358(3) 1.354(3) 1.347(4) 1.362 1.351 
N(2)-C(5) 1.374(3) 1.374(3) 1.374(3) 1.382(4) 1.393 1.420 
δ 0.31 - - 0.40b 0.42 0.70 
|ΔEQ| 2.14 - - 1.93b 2.17 1.43 
aMössbauer spectrum measured at 90 K. bMeasured at 295 K.  cNo BS(3,1) solution found.  dNo 
BS(5,1) solution found. 
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donation from the nitrogen lone pairs into the empty carbene orbital. Additionally, the C(5)–N(4) 
imine distances contract from 1.306(2) Å to 1.289(4) Å, a result that is consistent with more 
contribution of the N(1) and N(2) nitrogens into the carbene rather than into the adjacent imine π* 
orbitals. 
At 90 K, the Mössbauer spectrum of (CDI)FeCl2 (3.19)  has an isomer shift of 0.31 mm/s 
and a quadrupole splitting of 2.14 mm/s (Figure 3.13, Table 3.3). This value is inconsistent with a 
high spin Fe(II) species as one might expect in analogy to the related bis(imino)pyridine system 
(δ  = 0.89 mm/s, |ΔEQ| = 2.40 mm/s).21b  While the observed values could represent an 
intermediate spin, S = 1 Fe(II) center,  Betley10 and Chirik51 have reported that high spin Fe(III) 
species antiferromagnetically coupled to radical anionic ligands exhibit strikingly similar 
Mössbauer parameters. Consistent with the SQUID magnetization studies, minimal change in the 
Mössbauer spectrum were detected between 100 and 150 K but upon warming to 295 K, a 
noticeable increase in the isomer shift (0.41 mm/s) was accompanied by a decrease in the 
quadrupole splitting (1.93 mm/s).  Although the changes observed in the Mössbauer spectrum are 
consistent with a spin state change, the observation of one rather than two quadropole doublets 
suggests either rapid interconversion between S = 1 and S = 2 spin states or an S = 1,2 quantum 




Figure 3.13. Zero-field 57Fe Mössbauer spectra of (CDI)FeCl2 (3.19). Simulation yields the following 
parameters: δ, |ΔEQ|(mm/s) at 90 K: 0.31, 2.14 (Γ) = 0.15 mm/s); at 295 K: 0.40, 1.93 (Γ) = 0.16 mm/s) 
where Γ = half width at half height. 
 
3.2.5 Characterization Data for [(CDI)FeCl2](BF4) (3.22) 
The solid-state effective magnetic moment was also measured for [(CDI)FeCl2](BF4) 
(3.22) using SQUID magnetometry (Figure 9). A similar trend to that previously observed for 
(CDI)FeCl2 (3.19) was detected, notably a steep increase in Χ•T from 2 to 25 K followed by a 
modest plateau at 1.78 emu•K/mol  and then a gradual increase in Χ•T above 100 K.  However, 
unlike 3.19, Χ•T for 3.22 began to show evidence for saturation at temperatures above 250 K.  
The value of 1.78 emu•K/mol for Χ•T in between 50K and 100K is slightly lower than the spin 
only value for an S = 3/2 complex (1.88 emu•K/mol), perhaps due to small amounts of a 
diamagnetic impurity. The Χ•T vs. T plots could be modeled in an analogous fashion as was done 
for 3.22 (red line, Figure 3.14).  The best fits for the current low temperature data (< 100K) 
yielded gav = 1.95 ± 0.02 and zero-field splitting parameters of |D| = 4 ± 2 cm-1 and |E| = 1 ± 1 cm-
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1. As was the case for (CDI)FeCl2 (3.19), gav is low compared to typical five-coordinate 
intermediate-spin iron(III) complexes.53 
 
Figure 3.14. Variable-temperature SQUID magnetization data for [(CDI)FeCl2](BF4) (3.22). Experimental 
data a represented by filled circles. The simulation (red line) is a combination of two models: below 100 K 
the data were fit to an S = 3/2 iron complex with significant contributions from zero field splitting (gav = 
1.95, |D| = 4 cm-1, |E| = 1 cm-1 ), above 100K, the data were fit using the Sorai domain model to describe 
spin transitions, for which the high-spin fraction is given by x = 1/[ 1 + exp{(ΔH/R)(1/T −1/Tc)}44 with a 
transition temperature of Tc = 199 K and an enthalpy term ΔH = 502 cm−1. 
 
Once again, the high temperature data (>100 K) could be fit according to the Sorai 
domain model44 (red line, Figure 3.14) for a spin state change at 199 K from an intermediate spin 
state to a higher spin state characterized by Χ•T = 3.31 emu•K/mol.  The ultimate value of Χ•T 
predicted by the fit is significantly lower than the spin only value expected for a high spin S = 5/2 
iron(III) center (4.39 emu•K/mol).   This difference is too significant to be explained by small 
amounts of diamagnetic impurities in the sample.  At this point in our investigations it is unclear 
why the magnetic moment does not reach the value for a pure S = 5/2 system.  One possibility 
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that is consistent with the Mössbauer data is that 3.22 exists as a quantum admix spin state 
containing contributions from S = 3/2 and S = 5/2 electronic states. 
Given the sophisticated magnetic behavior demonstrated by [(CDI)FeCl2](BF4) (3.22), 
the solid-state structure  was also evaluated across a range of temperatures using X-ray 
crystallography (Figure 3.15, Table 3.4). Data collected at 80, 150, 200, and 298 K reflect a 
similar trend with regard to metal−ligand bonding as was previously observed with (CDI)FeCl2 
(3.19). At 80 K, the iron−carbene bond measures 1.908(2) Å, which is within range for a typical 
iron−NHC bond. However, the iron−NHC bond elongates considerably at 298 K to 2.033(2) Å. 
Coincident with this bond lengthening is the increase in the average iron−imine distance 
(2.031(2) Å at 80 K to 2.142(2) Å at 298 K) and a shortening of the C(1)−N(1) distance by 
approximately 0.02 Å. 
Figure 3.15. X-ray crystal structure of [(CDI)FeCl2](BF4) (3.22) recorded at 80 K with thermal ellipsoids 






Table 3.4. Selected bond lengths (Å), angles (deg), and Mössbauer parameters (mm/s) for (CDI)FeCl2 
(3.22). 
 
We anticipated that a change in spin state would also be reflected in the Mössbauer 
spectrum for 3.22 obtained at different temperatures (Figure 3.16,Table 3.4). However, no 
dramatic differences in isomer shift were observed upon warming to 298 K (δ = 0.17 mm/s).  In 
contrast, a steady reduction in the quadrupole splitting was observed from 2.21 mm/s to 1.62 
mm/s. The change in electric field gradient is also accompanied by a decrease in the asymmetry 
of the recorded spectrum, a result that may be related to vibrational anisotropy with regard to the 
crystal lattice.54 As was the case with (CDI)FeCl2 (3.19), these similar yet statistically different 
parameters do not portray conventional spin equilibrium behavior between two spin states and 
may be better explained by a statistical distribution of admixed spin states. Such an assignment is 










(S = 3/2)b 
Calc. 
(S = 5/2) 
Fe(1)−C(1) 1.908(2) 1.949(2) 1.984(2) 2.033(2) 1.904 2.105 
Fe(1)–Cl(1) 2.264(2) 2.251(1) 2.23(1) 2.198(1) 2.322 2.212 
Fe(1)–Cl(2) 2.168(4) 2.149(2) 2.11(1) 2.179(2) 2.178 2.187 
Fe(1)–N(3) 2.024(2) 2.058(2) 2.097(2) 2.132(2) 2.107 2.254 
Fe(1)–N(4) 2.038(2) 2.075(2) 2.109(2) 2.152(2) 2.097 2.269 
C(5)–N(4) 1.292(2) 1.289(2) 1.287(3) 1.301(3) 1.291 1.277 
C(1)–N(1) 1.341(2) 1.336(2) 1.336(3) 1.325(3) 1.341 1.330 
N(2)-C(5) 1.386(2) 1.394(2) 1.396(3) 1.402(4) 1.404 1.436 
δ 0.18 0.18 0.17 0.21 0.32 0.33 
|ΔEQ| 2.21 2.02 1.75 1.58 2.78 1.67 
aMössbauer spectrum measured at 100 K. bNo BS(4,1) solution found. 
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Figure 3.16. Zero-field 57Fe Mössbauer spectra of [(CDI)FeCl2](BF4) (3.22). Simulation yields the 
following parameters: δ, |ΔEQ|(mm/s) at 100 K: 0.18, 2.21 (Γ) = 0.25 mm/s); at 150 K: 0.18, 2.02 (Γ) = 0.26 
mm/s); at 200 K: 0.17, 1.75 (Γ) = 0.22 mm/s); at 298 K:  0.21, 1.59 (Γ) = 0.1 mm/s) where Γ = half width at 
half height. 
 
What is clear from these initial investigations into the magnetic properties of 3.22 (as 
well as 3.19) is that bis(imino)-N-heterocyclic complexes of iron demonstrate behavior that is 
significantly different compared to bis(imino)pyridine complexes of iron.  The unusual electronic 
structure of iron complexes that contain bis(imino)-N-heterocyclic carbene ligands is likely 
responsible for their complex magnetic behavior. A detailed study into the connection between 
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electronic structure and magnetic behavior of these complexes is a subject that is still being 
investigated.  
3.2.6 Computational Studies 
To corroborate our experimental results, unrestricted DFT calculations were carried out 
by Professor Jeffery Byers on all four of the complexes synthesized (B3LYP/def2-TZVP(f) on 
iron and all of the atoms bound to iron; B3LYP/def2-SV(P) for all other atoms).  Considering the 
similarity in their structures, we have adopted the broken symmetry approach used by Wieghardt, 
Chirik, and coworkers for calculations of bis(imino)pyridine complexes to calculate the most 
likely electronic configuration for the synthesized complexes.49 According to this formalism, a 
high spin complex that is formally iron(II) such as (CDI)FeCl2 can be described with a quintet 
ground state with either a BS(4,0) (a, Figure 3.17) or a BS(5,1) (b, Figure 3.17)  configuration .  
The former is consistent with an electronic configuration where all six valence electrons are on 
the metal center; the latter is consistent with five unpaired electrons on the metal and one 




Figure 3.17. Representative qualitative molecular orbital diagram depicting a) BS(4,0) electronic 
configuration and b) BS(5,1) electronic configuration. 
 
Two electronic configurations were considered for (CDI)FeCl (3.20): a low spin (S = 1/2) 
and a high spin (S = 3/2) situation.  When calculations were carried out with a closed shell ligand 
configuration (i.e. BS(3,0) and BS(1,0)), normal convergence was not observed.  Instead, the 
calculations spontaneously converged to broken symmetry solutions where one electron resides 
on the ligand. For the high spin situation, this corresponds to a BS(4,1) and the low spin 
configuration corresponds to a BS(2,1) solution.  Broken symmetry solutions were evident from 
the presence of a doubly occupied molecular orbital demonstrating a low degree of spatial overlap 
between the orbitals containing the spin up and spin down electrons  (S = 0.57 and 0.64, 
respectively).  The same solutions were obtained when the calculations were carried out starting 
from the BS(4,1) and BS(2,1) electronic configurations.  The diagnostic bond lengths that 
resulted from these calculations appear alongside the experimentally determined bond lengths in 
Table 3.1.  Although the calculations predict that the high spin configuration is slightly lower in 
energy than low spin configuration (ca. 5 kcal/mol), better agreement between calculated and 
experimental bond lengths were obtained for the low spin electronic configuration compared to 
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the high spin configuration.  For example, the very short iron-ligand bond distances in 3.20 were 
reproduced by the low spin electronic configuration whereas calculations for the high spin 
configuration predicted significantly longer metal-ligand bond distances.  Moreover, a low spin 
configuration is supported by the S = ½ state observed by EPR spectroscopy. 
Furthermore, Mössbauer parameters were also calculated from the optimized geometries 
for the high and low spin electronic configurations (Table 3.1). The observed isomer shift for 3.20 
(δ = 0.25 mm/s) is much closer to the predicted value for the intermediate spin configuration (δ = 
0.34 mm/s), and is well outside the accepted error for the high spin configuration (δ = 0.55 
mm/s).55  These results suggest that the best descriptor for the electronic state of the complex is a 
low spin iron(II) that is antiferromagnetically coupled to an electron positioned on the CDI 
ligand.   
In contrast to (CDI)FeCl, calculations carried out on the formally iron(0) complex 
(CDI)Fe(CO)2 (3.21) converged to a closed shell configuration on the metal regardless of whether 
or not the calculations were initiated from a broken symmetry electronic configuration.  The bond 
metrics and Mössbauer parameters predicted for the closed shell configuration for (CDI)Fe(CO)2 
(3.21) are in complete agreement with experimental data (Table 3.2), which further validates 
these complexes as being mostly iron(0) with contribution from a low spin iron(II) resonance 
hybrid.  
High spin (S = 2) and intermediate spin (S = 1) configurations were considered for the 
formally iron(II) (CDI)FeCl2 (3.19). Unlike calculations for (CDI)FeCl (3.20), solutions with no 
unpaired electrons on the ligand converged normally.  In contrast, all broken symmetry solutions 
(e.g. BS(5,1) for a high spin iron(II) complex and BS(3,1) for intermediate spin  iron(II)) 
spontaneously converged to their respective solutions without unpaired electrons on the ligand.  
Once again, the intermediate and high spin configurations were close in energy, but comparison 
of the experimental to theoretical data provided some clarity.  The diagnostic bond lengths that 
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resulted from the calculations appear in Table 3.3 alongside the experimentally determined bond 
lengths from the X-ray crystal structures.  Comparison of these bond lengths clearly supports an 
intermediate spin state assignment for the structure obtained at low temperatures (<100K), which 
then transitions towards the high spin structure upon warming.  
Consistent with this assignment were the Mössbauer parameters, which were calculated 
from the optimized geometries for the high and intermediate spin electronic configurations (Table 
3.3).  These calculations agree very well with an intermediate spin electronic configuration at low 
temperatures.  Most convincingly was the small isomer shift (δ = 0.42 mm/s) predicted for an 
intermediate spin electronic structure, which is more in line with the experimental isomer shift (δ 
= 0.31 mm/s) than the predicted isomer shift for the high spin configuration (δ = 0.70 mm/s). 
In a fashion analogous to calculations for 3.19, calculations for a high spin (S = 5/2) and 
intermediate spin (S = 3/2) configurations were considered for oxidized complex 
[(CDI)FeCl2](BF4) (3.22).  A low spin (S = ½) electronic configuration was also considered, but 
it was found to be significantly higher in energy (ca. 15 kcal/mol) than the other two electronic 
possibilities, which were once again predicted to be relatively close in energy.  As was the case 
for 3.19, calculations carried out for broken symmetry situations spontaneously converged to an 
electronic configuration without any unpaired electrons on the ligand. The bond metrics obtained 
in these calculations were consistent with an intermediate spin iron(III) assignment for the 
complex at low temperatures and a high spin iron(III) assignment at higher temperatures (Table 
3.4).  
Calculations for the Mössbauer parameters were not as definitive as they were for 
(CDI)FeCl2 (3.19) or (CDI)FeCl because the predicted isomer shifts were virtually identical for 
both electronic configurations and the quadrupole splitting is only slightly smaller in the high spin 
versus intermediate spin electronic configurations.  Nevertheless, the Mössbauer parameters 
predicted from the calculations (δ = 0.32 mm/s, |ΔEQ| = 2.78) were similar to the experimental 
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data (δ = 0.18 mm/s, |ΔEQ| = 2.21) at low temperature (Table 3.4).  Although not apparently 
obvious from the variable temperature Mössbauer spectrum appearing in Figure 3.16, the 
quadrupole splitting decreases upon raising the temperature, further supporting a high spin 




3.3 Discussion and Assignment of Electronic Structures 
One attractive property of CDI ligands is their ability to stabilize a range of oxidation states 
for iron.  This attribute has been highlighted in the synthesis and isolation of CDI complexes that 
span from formally iron(0) to iron(III).  In order to gain a better understanding of the bonding in 
CDI complexes, a systematic investigation of these complexes was undertaken using a variety of 
experimental and computational methods. Through these investigations, a unified picture of the 
bonding in CDI complexes of iron was obtained.  These studies revealed that the specific nature 
of the metal−ligand bonding is sensitive to factors such as oxidation state and temperature. 
3.3.1 Analysis of Characterization Data 
The complex that illustrates best the most characteristic feature of bonding in CDI iron 
complexes is the formally iron(I), (CDI)FeCl (3.20). Containing the shortest iron-carbon bond of 
all other complexes synthesized, the unique iron−NHC interaction can be attributed to two 
distinct but related features of the metal−ligand interaction. The first contribution is from the low 
spin electronic configuration that (CDI)FeCl (3.20) adopts as a result of the ligand containing the 
strong field N-heterocyclic carbene moiety.  The low spin electronic configuration assignment for 
(CDI)FeCl (3.20) is supported by Mössbauer measurements, which displayed small isomer shifts 
that are more characteristic for low spin complexes. EPR spectroscopy further supported this 
assignment with the observation of a rhombic signal characteristic of S = ½ systems.  The 
experimental data was corroborated with DFT calculations, which more accurately reproduced 
bond distances and Mössbauer parameters for the low versus high spin configurations. 
The second factor that contributes to the unusually short iron-NHC bond length is 
population of a π-symmetric molecular orbital with significant iron-carbon bonding character.  
This feature is best illustrated through analysis of the x-ray crystal structure for (CDI)FeCl (3.20), 
which revealed atypical bond distances within the CDI ligand. For example, unusually long 
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carbon-nitrogen bond distances were observed in the tetrahydropyrimidine ring (i.e. C(1)-N(1) 
and C(1)-N(2)) and in the imine side arms (i.e. C(5)-N(4) and C(19)-N(4)).  Short carbon-
nitrogen bond distances were also observed between the imine carbons and the 
tetrahydropyrimidine nitrogens (C(1)-N(19) and C(2)-N(5)).  
DFT calculations provided some insight into the origin of these bond distances.  During 
energy optimization calculations carried out on 3.20, a broken symmetry solution that is 
consistent with two unpaired electrons on the metal and one unpaired electron on the ligand (i.e. 
BS(2,1)) was found even for calculations initiated using an electronic configuration consistent 
with no unpaired electrons on the ligand.  The broken symmetry solution was evident from 
population of a molecular orbital containing a small amount of spatial overlap (S = 0.64), which 
is illustrated in the qualitative molecular orbital diagram for (CDI)FeCl (3.20) shown in Figure 
3.18.  One orbital contains significant electron density on the metal dyz orbital while the other 
contains significant electron density on a ligand-centered orbital corresponding to the b2 
irreducible representation in the C2v point group. Population of a ligand orbital with this 
symmetry would lead to the shorter metal-carbene bond distance and the deviations from normal 
ligand bond distances observed in the complex.  Because this orbital is not the SOMO of complex 
3.20, the EPR spectrum for 3.20 does not show evidence for significant contributions from the 
CDI ligand.  Instead, the EPR spectrum suggests a SOMO that has significant metal character, 
which is consistent with calculations of the SOMO (Figure 3.18). 
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Figure 3.18. Qualitative molecular orbital diagram of (CDI)FeCl (3.20) obtained from the BS(2,1) solution 
of an unrestricted DFT calculation. Illustrated are the molecular orbitals that are involved in the 
antiferromagnetic coupling as well as the SOMO. 
 
 
The above description for bonding in (CDI)FeCl (3.20) is consistent with the CDI ligand 
acting as a redox active ligand where an unpaired electron on the ligand participates in an anti-
ferromagnetic interaction between a triplet iron(II) metal center (3.20, Figure 3.19).  
Figure 3.19. (CDI)FeCl (3.20) represented as an Fe(II) species antiferromagnetically coupled to a singly 
reduced CDI ligand. 
 
 
Supporting this assertion are spin density plots (a, Figure 3.20), which indicate nearly two 
unpaired electrons on the metal (red orbital shading) and nearly one unpaired electron with 
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opposite spin on the ligand (yellow shading).  Notably, the majority of the spin density on the 
ligand resides on the N-heterocyclic carbene carbon.  
 
Figure 3.20. Spin density plots for a) (CDI)FeCl (3.20), b) (CDI)FeCl2 (3.19), c) [(CDI)FeCl2](BF4) (3.22) 
obtained by Mulliken population analysis. 
 
The metal-ligand interaction in (CDI)FeCl (3.20) is reminiscent of bonding in formally 
iron(I) bis(imino)pyridine complexes,22a except that in 3.20 the metal and ligand-centered orbitals 
are the π-symmetric dyz and b2 orbitals, respectively rather than mostly dz2 (σ-symmetric) and b2 
orbitals, respectively, for formally iron (I) bis(imino)pyridine complexes. The b2 orbital is ideally 
situated for a π-backbonding interaction from the metal dyz orbital.  This interaction contributes to 
shortening of the metal-NHC carbon bond and is conserved in all iron CDI complexes, and 
represents the most critical difference between bis(imino)NHC and bis(imino)pyridine ligands.    
The metal−ligand π-interaction involved in antiferromagnetic coupling in (CDI)FeCl 
(3.20) is also involved in π-bonding upon reduction to the bis-carbonyl (CDI)Fe(CO)2 (3.21). 
DFT calculations revealed that (CDI)Fe(CO)2 (3.21) is best described as a diamagnetic iron(0) 
complex, although the ligand bond distances suggest some contribution from an electronic 
configuration with a reduced ligand (3.21, Figure 3.21).  A resonance hybrid of two different 
oxidation states is a common assignment for bis(imino)pyridine iron dicarbonyl complexes,41 and 
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a similar assignment is supported in these studies by good agreement between calculated and 
experimental Mössbauer parameters. 
Figure 3.21. The resonance hybrid between the Fe(0) and Fe(II) forms of (CDI)Fe(CO)2. 
 
The molecular orbital diagram in Figure 3.22 illustrates the π-bonding in (CDI)Fe(CO)2 
(3.21), which is manifested in the HOMO of the complex.  Significant contributions from the 
metal dyz orbital (38%) and the b2 orbital of the ligand (47%) demonstrate the high degree of 
covalency in this interaction.  Notable is the amount of electron density observed on the N-
heterocyclic carbene carbon.  As was the case with (CDI)FeCl (3.21), significant population of 
this orbital explains the unusually short iron-N-heterocyclic carbene bond and the deviation in 
bond lengths observed in the ligand. 
Figure 3.22. Qualitative molecular orbital diagram of (CDI)Fe(CO)2 (3.21) obtained from an unrestricted 




Compared to the low oxidation state complexes (CDI)FeCl (3.20) and (CDI)Fe(CO)2 
(3.21), more significant differences between iron CDI and bis(imino)pyridine complexes were 
observed for the higher oxidation state complexes, (CDI)FeCl2 (3.19) and [(CDI)FeCl2](BF4) 
(3.22).  Unlike the analogous bis(imino)pyridine complexes which are high spin complexes, 
complexes 3.19 and 3.22 are best described as intermediate spin state complexes at low 
temperature (T < 150K). This conclusion is consistent with the behavior of the low oxidation 
state complexes and was drawn from a combination of Mössbauer spectroscopy, X-ray 
crystallography, and DFT calculations in a similar fashion as determined for (CDI)FeCl (3.20)and 
(CDI)Fe(CO)2 (3.21). 
Unlike the lower-valent species, the complexes in higher oxidation states demonstrated 
more complicated magnetic behavior.  Solid-state magnetometry carried out for (CDI)FeCl2 
(3.19) and [(CDI)FeCl2](BF4) (3.22) demonstrated evidence for a gradual change from an 
intermediate spin state to a high spin state. This transition occurred at a lower temperature in the 
formally iron(III) complex 3.22 compared to the formally iron(II) complex 3.19.  Coincident with 
the changes in magnetic moment was the lengthening of metal-ligand bond distances observed in 
crystal structures obtained at various temperatures (Table 3.3 and 3.4). Elongation in metal-
ligand bond distances is consistent with calculations for high spin electronic configurations, 
which predict significantly longer metal-ligand bonds compared to the intermediate spin 
structures.  
By using the magnetic data and the bond metrics from the DFT calculations as the limit 
for the high and intermediate spin electronic configurations, a theoretical bond distance at various 
temperatures can be predicted.  While the absolute value for these semi-empirically determined 
bond distances do not match experimentally determined bond distances, they do reproduce how 
the bond distances respond to temperature.  To illustrate this correlation, the semi-empirical 
metal-ligand bond distances were plotted versus the experimental metal-ligand bond distances at 
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different temperatures (Figure 3.23). The nearly linear correlation observed for all bond lengths 
suggest that the same phenomenon that is responsible for the magnetic behavior is also 
responsible for the changes in bond distances.  Since an equilibrium mixture of two spin states 
was used to model the magnetic behavior, we interpret the positive correlation between the 
magnetic and crystallographic data to be evidence for the existence of spin equilibrium between 
an intermediate and high spin state for both 3.19 and 3.22.  Nevertheless, we cannot definitively 
rule out other possibilities such as significant inter-particle magnetic cooperativity or admixed 
quantum states to explain the solid state magnetic behavior that we observe. 
Figure 3.23. Semi-empirical (DFT + SQUID) vs. experimental bond distances in a) (CDI)FeCl2 (3.19) and 
b) [(CDI)FeCl2](BF4) (3.22). 
 
 
In addition to their magnetic behavior, bonding in (CDI)FeCl2 (3.19) and 
[(CDI)FeCl2](BF4) (3.22) demonstrated some unique attributes compared to the low oxidation 
state complexes and the analogous bis(imino)pyridine complexes.  Unlike 3.20, no broken 
symmetry solutions were obtained for energy optimization DFT calculations carried out for 3.19 
or 3.22.  Analysis of all of the doubly populated molecular orbitals revealed a high degree of 
spatial overlap for all orbitals, which indicates a large amount of covalency in the molecular 
orbitals.  However, as was the case for 3.20, which displayed antiferromagnetic coupling between 
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the metal and the ligand, spin density plots for 3.19 and 3.22 displayed significant electron 
density on the ligand and the metal with opposite polarity (b and c, Figure 3.20).  This evidence 
can be interpreted as a one electron antiferromagnetic interaction that predominately involves a 
molecular orbital centered on the N-heterocyclic carbene carbon of the ligand and with little 
electron delocalization into the CDI ligand.   
To better illustrate this interaction, a qualitative molecular orbital diagram for (CDI)FeCl2 
(3.19)  is shown in Figure 3.24. One of the low lying filled d-orbitals is an orbital with a π-
interaction between the metal dyz and the b2 ligand orbital.  The remaining filled d-orbitals are 
predominately M-Cl π* orbitals.56   Somewhat unexpectedly, the LUMO of the complex is the π* 
orbital involving the ligand based orbital with b2 symmetry.  The orbitals calculated for the spin 
up and spin down electrons involved in the metal-NHC carbon π-bond appear separately in Figure 
3.24 to illustrate the similarities with the same two orbitals in (CDI)FeCl (3.20), which 
demonstrated antiferromagnetic coupling between the metal and the ligand.  The major difference 
between these orbitals is that the electron density in (CDI)FeCl (3.20) is more polarized 
compared to (CDI)FeCl2  (3.19).  This leads to better spatial orbital overlap in 3.19 compared to 
3.20.  As a result, the unequally shared electron pair is more pronounced in (CDI)FeCl (3.20) 




Figure 3.24. Qualitative molecular orbital diagram of (CDI)FeCl2 (3.19) obtained from an unrestricted 
DFT calculation. Illustrated are the molecular orbitals that are involved in π–interactions between the iron 
and NHC. 
 
It is clear from the above discussion that the extended π-conjugation of the CDI ligand 
lowers the energy of the predominately carbon-centered orbital of the N-heterocyclic carbene 
such that it can engage in electron transfer with the transition metal even at the formally +2 and to 
a lesser extent in the +3 oxidation state.  As the energy between the ligand-based orbitals and the 
metals-based orbitals increases, the population of separate orbitals is preferred over pairing, 
resulting in an antiferromagnetic interaction.  Because orbital overlap is good between the dyz 
metal orbital and the b2 ligand orbital, electron transfer is facile and complexes of multiple 
oxidation states can be supported by the CDI ligands.  
3.3.2 Bis(imino)pyridines as Potent Donors 
As expected, 3.21 contains a more electron rich metal center compared to the 
corresponding bis(imino)pyridine iron dicarbonyl complex (3.23, Figure 3.25) as is evidenced by 
the significantly lower IR stretching frequency observed for 3.21 (νsym = 1913 cm-1, and νassym = 
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1839 cm-1 versus νsym = 1974 cm-1, and νassym = 1914 cm-).57 More surprising was that the iron 
center in 3.21 is more electron rich compared to the bis(NHC)pyridine iron dicarbonyl complex 
(3.24, Figure 3.25) reported by Danopoulos and coworkers (νsym = 1938 cm-1, and νassym = 1897 
cm-1).58 Comparison of the bis(NHC)pyridine iron dicarbonyl crystal structure to the crystal 
structure of 3.21 reveals that the bis(NHC)pyridine has a closer-to-ideal square pyramidal 
geometry about the iron center, which would suggest better orbital overlap and increased ligand 
field splitting for the bis(NHC)pyridine ligand rather than the CDI ligand. Nevertheless the data is 
clear in establishing 3.21 as more electron rich at iron.  
 
Figure 3.25. FTIR stretching frequencies of pincer-ligated iron(carbonyl) complexes. 
 
To assess the impact of NHC donating abilities versus ligand architecture, a preliminary 
computational study was carried out on iron complexes containing bis(NHC)pyridine and CDI 
ligands. While the exceptional σ-donating properties of saturated N-heterocyclic carbenes is well 
known,59 DFT calculations were carried out to evaluate the effect of the type of donor (pyridine 
vs. trihydropyrimid-2-ylidene vs. imidazol-2-ylidene vs. dihydroimidazol-2-ylidene) as well as its 
location with respect to its position within the tridentate ligand (central vs. flanking donor) 
(Table 3.5).  
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Table 3.5. Spin density plots and zero point energies from DFT calculations (B3LYP/def2-TZVP(f) on iron 
and all of the atoms bound to iron; B3LYP/def2-SV(P) for all other atoms) carried out for (CDI)FeCl2 
(3.19) and various ferrous chloride complexes containing bis(NHC)pyridine ligands (PDC). 











Fe = 2.30 
CDI = −0.40 












Fe = 2.13 
PDC = −0.21 












Fe = 2.16 
PDC = −0.25 












Fe = 2.10 
PDC = −0.18 
Br = 0.07 
a ZPE(high spin)-ZPE(intermediate spin) (kcal/mol). bThe corresponding dibromide (CDI)FeBr2 was 
also calculated in analogy to the other structures, however, there was negligible change in the 
computed values for the ZPE and spin density distributions. 
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The dibromides for the PDC complexes were used for comparison because crystal 
structures of dichloride complexes are unknown.  In contrast to (CDI)FeCl2 (3.19), experimental 
bond distances for (PDC)FeBr2 containing imidazole-2-ylidene NHCs, agrees best with 
calculations for a high spin rather than an intermediate spin electronic configuration.  As 
previously mentioned, the high spin configuration is calculated to be lower in energy than the 
intermediate spin configuration for (CDI)FeCl2 (3.19), but it is clear that the CDI containing 
complex 3.19 has the lowest energy difference between the intermediate and high spin 
configurations.  This trend is consistent with (CDI)FeCl2 (3.19) demonstrating complex magnetic 
behavior and a more accessible intermediate spin state configuration compared to complexes 
containing PDC ligands. Notable about complex 3.19) is the location of the donor in the central 
position, whereas all other calculated structures have various N-heterocylic carbenes 
(trihydropyrimid-2-ylidene as well as imidazol-2-ylidene and dihydroimidazol-2-ylidene) in the 
flanking positions (Note: Calculations for (CDI)FeBr2 showed similar behavior as (CDI)FeCl2).  
The position of the NHC as the central versus flanking donor also affects the amount of spin 
density on the ligand.   The amount of spin density on the CDI ligand in 3.19 is significantly 
greater than all other variants suggesting the CDI ligand is a better π-acid compared to all 
bis(NHC)pyridine ligands.  This observation is consistent with a lower energy intermediate spin 
state for CDI compared to all PDC ligands.  However, at this time we cannot rule out other 





Iron complexes supported by CDI ligands have been synthesized in four different oxidation 
states.  Through a combination of magnetic, spectroscopic, crystallographic, and computational 
methods, a thorough characterization of the physical and electronic structures of these complexes 
has revealed unique metal−NHC bonding, redox activity, and complex magnetic behavior in 
these carbene-supported species.  
A characteristic feature in the bonding of CDI complexes is a -interaction between a 
metal-based orbital and a ligand-centered orbital with large contributions from the empty p-
orbital of the N-heterocyclic carbene carbon.  In the lowest oxidation state (CDI)Fe(CO)2 (3.21), 
this interaction is manifested as a -backbond, which highlights the -accepting capabilities of 
the CDI ligands.  Increasing the oxidation state of this complex by a single electron changes the 
-interaction such that it is best described as an antiferromagnetic interaction between the metal 
and the ligand.  This type of interaction is common for low oxidation state complexes of the 
related bis(imino)pyridine complexes of iron,41 but, other than transiently generated species,31 is 
the first isolated example demonstrating this behavior for ligands containing an N-heterocyclic 
carbene moiety. We believe that the extended -framework of the CDI ligands coupled with the 
electronegativity of iron leads to excellent orbital overlap and energy matching, which results in 
this unique binding mode for N-heterocyclic carbenes.   
Further increase in the oxidation state by one leads to (CDI)FeCl2 (1), which once again 
changes the way the metal interacts with the N-heterocyclic carbene.  Instead of the -interaction 
being anti-ferromagnetic in nature, restricted electron delocalization within the CDI ligand leads 
to enhanced orbital overlap and increased covalency in the bond between the metal and the 
carbon of the N-heterocyclic carbene.   Increased metal-ligand orbital overlap may contribute to 
the spin equilibrium situation that 3.19 demonstrates, while electron delocalization into the ligand 
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leads to a more electron deficient metal center than predicted based on classical electron counting 
methodologies.  One last increase in oxidation state to give 3.22 results in a complex that has 
little evidence for the one-electron interactions that pervade in (CDI)FeCl (3.20) and to a lesser 
extent in (CDI)FeCl2 (3.19).  Short metal-ligand bond distances are still observed in this complex 
but this is likely due to the complex being in an intermediate spin state rather than from reduction 
of the ligand. 
The bonding in CDI iron complexes are particularly interesting when compared to the 
analogous bis(imino)pyridine complexes that have been useful in polymerization,60 
hydrogenation,61 hydrosilylation,62 hydroboration,63 and cycloaddition64 reactions. The CDI 
ligands are exceptional donating ligands compared to bis(imino)pyridine ligands or even 
bis(NHC)pyridine ligands as is evidenced by the 60-100 cm-1 lower CO stretching frequencies 
observed for 3.19 compared to analogous bis(imino)pyridine ligands. All of the CDI complexes 
except (CDI)Fe(CO)2 (3.21) are in a lower spin state compared to the analogous 
bis(imino)pyridine complexes.  Additionally, the oxidized complexes 3.19 and 3.22 demonstrate 
spin transition behavior whereas the analogous bis(imino)-pyridine complexes demonstrate 
simple magnetic behavior.  Finally, with respect to the redox activity of the ligand, the 
bis(imino)pyridine complexes demonstrate redox activity in low oxidation state complexes.  Due 
to the exceptional -accepting capabilities of the CDI ligands, evidence for redox non-innocence 
persists even at the formally iron(II) oxidation state complex 3.19.   
The increase in the σ-donating capabilities of the N-heterocyclic carbenes compared to 
pyridine or phosphine moieties has been proven to enhance reactivity in a myriad of settings,26 
and coupled with the privileged nature of the pincer ligand design, it is anticipated that these CDI 
containing complexes to be of significant catalytic value. Additionally, the redox activity 
demonstrated by this unique NHC opens the door to a number of processes that evoke catalyst-
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based single electronic processes across a range of metal oxidation states. These processes 
include but are not limited to: polymerization, hydrogenation, hydrosilylation, oxidation, 





3.5.1 General Considerations 
Unless otherwise stated, all reactions were carried out in oven-dried glassware in a 
nitrogen atmosphere glovebox or using standard Schlenk line techniques.65 Solvents were used 
after passage through a solvent purification system similar to the one reported by Grubbs66 under 
a blanket of argon, and then degassed by briefly exposing the solvent to vacuum. Benzene-d6 was 
purchased from Cambridge Isotope Laboratories and was vacuum distilled from 
Na/benzophenone. Dichloromethane-d2 was purchased from Cambridge Isotope Laboratories and 
was vacuum distilled from CaH2. (CDI)FeCl2 (3.19) was prepared according to the known 
literature procedure.80  
Nuclear Magnetic Resonance (NMR) spectra were recorded at ambient temperature on 
spectrometers operating at 500 MHz for 1H NMR. For paramagnetic complexes, NMR spectra are 
included in the section Error! Reference source not found., however, the chemical shifts were 
not tabulated due to their complex nature. Infrared (IR) spectra were recorded on an ATR infrared 
spectrometer. Infrared spectra for air or water sensitive compounds (iron-containing) were 
recorded in a glove bag filled with nitrogen. Magnetic moments were determined by Evans’ 
method according to the procedure published by Gibson and coworkers.67 High-resolution mass 
spectra were obtained at the Boston College Mass Spectrometry Facility using ESI+ or MALDI 
ionization modes.  
Variable temperature (2−300 K) magnetization data were recorded in a 1 T magnetic field 
on a MPMS-XL Quantum Design SQUID magnetometer.  Values for magnetic susceptibility were 
corrected for the underlying diamagnetic increment by using tabulated Pascal constants. The 
magnetic data at low temperature (<100 K) were fit using Eckhard Bill’s julX program to obtain 
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zero-field splitting parameters.68  At temperatures >100 K, the data was modeled using Sorai’s 
model44 as described in the text.   
All samples for EPR spectroscopy were prepared in an inert atmosphere glove box 
equipped with a liquid nitrogen fill port to enable sample freezing to 77 K within the glove box.  
EPR samples were prepared in 4 mm OD suprasil quartz EPR tubes from Wilmad Labglass. All 
samples for EPR spectroscopy were 1 mM iron. X-band EPR spectra were recorded on a Bruker 
EMXplus spectrometer equipped with a 4119HS cavity and an Oxford ESR-900 helium flow 
cryostat. The instrumental parameters employed for all samples were as follows: 1 mW power; 
modulation amplitude 8 G; microwave frequency 9.38 GHz ; modulation frequency 100 kHz.  
EPR spectra were measured at 10 K, in 6:1 toluene:benzene. The samples were kept at or below -
5 °C during all manipulations. EPR simulations were performed using EasySpin.68 
Selected single crystals suitable for X-ray crystallographic analysis were used for 
structural determination. Unless otherwise stated, the X-ray intensity data were measured at 
100(2) K (Oxford Cryostream 700) on a Bruker Kappa APEX Duo diffractometer system 
equipped with a sealed Mo-target X-ray tube ( = 0.71073 Å) and a high brightness IS copper 
source ( = 1.54178 Å). The crystals were mounted on a goniometer head with paratone oil. The 
detector was placed at a distance of 5.000 cm from the crystal. For each experiment, data 
collection strategy was determined by APEX software package and all frames were collected with 
a scan width of 0.5° in  and  with an exposure time of 10 or 20 s/frame. The frames were 
integrated with the Bruker SAINT Software package using a narrow- frame integration algorithm 
to a maximum 2 angle of 56.54° (0.75 Å resolution) for Mo data and 136.50° (0.83 Å 
resolution) for Cu data. The final cell constants are based upon the refinement of the XYZ-
centroids of several thousand reflections above 20 (I). Analysis of the data showed negligible 
decay during data collection. Data were corrected for absorption effects using the empirical 
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method (SADABS). The structures were solved and refined by full-matrix least squares 
procedures on F2 using the Bruker SHELXTL (version 6.12) software package. All hydrogen 
atoms were included in idealized positions for structure factor calculations. Anisotropic 
displacement parameters were assigned to all non-hydrogen atoms, except those disordered. 
57Fe Mössbauer spectra were measured on liquid nitrogen cooled samples at zero 
magnetic field with a constant acceleration spectrometer (SEE Co., Edina, MN). Solid or 
crystalline samples were prepared as Paratone-N mulls in a drybox and frozen in liquid nitrogen 
prior to handling in air. Isomer shifts are quoted relative to Fe foil at room temperature. Data was 
processed, simulated, and analyzed using a package written by E.R.K. for IGOR Pro 6 
(Wavemetrics, Lake Oswego, OR). 
3.5.2 Computational Methods 
All DFT calculations were carried out in an analogous fashion as described by 
Wieghardt, Chirik, and coworkers for the related bis(imino)pyridine complexes69 using the 
ORCA open access software package.70  Spin unrestricted Kohn-Shalm geometry optimizations 
were carried out starting from coordinates obtained from the crystal structures of compounds 
3.19-3.22.  Calculations were carried out using the B3LYP functional. The triple-d quality basis 
sets def2-TZVP developed by Ahlrichs71 with one set of polarization functions were used on the 
metal, on the nitrogen atoms, and on all atoms attached to the metal.  For all remaining carbon 
and hydrogen atoms, a double- quality def2-SV(P) basis set also developed by Ahlrichs72 was 
used that also included a polarizing set of d-functions on the carbon atoms.  Appropriate auxiliary 
basis sets were chosen to match the orbital basis sets.73  The RIJCOSX74 approximation was used 
to accelerate the calculations.  We have adopted the broken-symmetry (BS) approach by 
Ginsberg75 and Noodleman76 where BS(m,n)77 denotes m (n) electrons that are spin up (spin 
down) at the two interacting fragments.  Molecular orbital pictures and spin density plots were 
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generated using Chimera.78  Nonrelativsitic single-point calculations were carried out on the 
optimized geometry to predict Mössbauer isomer shifts (δ) and quadropole splittings (|ΔE Q|).  
The ORCA “CoreProp” basis set CP(PPP) was used for iron.79  This basis set is based on the 
TruboMole DZ basis set developed by Ahlrichs and coworkers and obtained from the basis set 
library under ftp.chemi.uni-karlsruhe.de/pub/basen. The Ahlrichs (2d2fg,3p2df) polarization 
functions used were obtained from the TurboMole basis set library under ftp.chemie.uni-





3.5.3 Experimental Procedures 
 [N,N-1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]4,5,6-trihydropyrimid-2-ylidene]FeCl 
(3.20). In an inert atmosphere glovebox, a solution of Na(C10H8) in 
THF was prepared by stirring naphthalene (68.9 mg, 0.538 mmol, 
1.10 equiv) and freshly cut Na metal (22.5 mg, 0.978 mmol, 2.00 
equiv) in THF (16.2 mL) for 12 hours. The dark green solution 
was then cooled to −40 oC, filtered, and added to a precooled (−40 oC) suspension of 3.1980 (300 
mg, 0.489 mmol, 1.00 equiv) in THF (34.4 mL). The reaction was allowed to warm to 23 oC and 
was stirred for 24 hours. The reaction mixture was then filtered through Celite, and concentrated 
in vacuo. The crude red solid was washed with pentane (3 x 20 mL), Et2O (15 mL), more pentane 
(20 mL), and dried in vacuo to deliver the title compound 3.20 as a reddish brown solid (181 mg, 
64%). Crystals suitable x-ray crystallography were grown from a toluene solution layered with 
hexanes at 23 oC.  
IR(neat) 1526, 1424, 1407, 1322, 795, 768 cm-1; HRMS (ESI+) Calcd. for C32H46Cl1FeN4 [M]+: 
577.2760; Found 577.2783. 
 
 [N,N-1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]4,5,6-trihydropyrimid-2-
ylidene]Fe(CO)2 (3.21). In an inert atmosphere glovebox, Hg 
(5.20 g, 26.2 mmol, 115 equiv) was weighed into a 50 mL round 
bottom flask. THF (12.2 mL) was added followed by freshly cut 
Na metal (26.2 mg, 1.14 mmol, 5.00 equiv). The biphasic 
mixture immediately turned grey and cloudy and was allowed to stir for 1 hour at 25 oC. A 
solution of 3.1980 (140 mg, 0.228 mmol, 1.00 equiv) in THF (10.6 mL) was then added via 
pipette. The flask was sealed with a 180o joint and removed from the glovebox. The reaction 
mixture was freeze-pump-thawed, backfilled with 1 atm of CO gas, and allowed to warm to 25 
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oC. After 5 minutes at 25 oC, the mixture turned a deep green, and after 10 minutes, the color 
changed to a yellow/brown. The reaction was allowed to stir for a total of 2 hours at 25 oC, after 
which it was thoroughly degassed, and taken back into the glovebox. The crude reaction was 
filtered through Celite and concentrated in vacuo to afford a dark yellow solid. Recrystallization 
from THF layered with pentane (~1:4 THF:pentane v/v) at −40 oC delivered the title compound 
3.21 as bright orange crystals (67.3 mg, 49%). Crystals suitable for x-ray crystallography were 
grown from a vapor diffusion of pentane into a saturated benzene solution at 25 oC.  
1H NMR (C6D6, 500 MHz) δ 7.15-7.12 (m, 6H), 3.25 (h, J = 6.8 Hz, 4H), 2.99 (t, J = 5.6 Hz, 4H), 
1.59 (s, 6H), 1.55 (d, J = 6.6 Hz, 12H), 1.40 (p, J = 5.6 Hz, 2H), 1.11 (d, J = 7.1 Hz, 12H) ; IR 
(neat) 1913, 1839, 1522, 1425, 768, 625, 593cm-1; HRMS (ESI+) Calcd. for C34H46FeN4O2 [M]: 
598.2970; Found 598.2972.81 
 
 [N,N-1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]4,5,6-trihydropyrimid-2-
ylidene]FeCl2BF4 (3.22). In an inert atmosphere glovebox, 
3.1980 (50.0 mg, 0.0815 mmol, 1.00 equiv) was suspended in 
CH2Cl2 (2.0 mL) and a solution of acetylferrocenium 
tetrafluoroborate39 (25.7 mg, 0.0815 mmol, 1.0 equiv) in 
CH2Cl2 (2.0 mL) was added dropwise. Immediately upon 
addition, the reaction mixture changed from dark blue to a deep red. The solution was allowed to 
stir for 15 minutes at 25 oC and was the concentrated in vacuo. The crude solid was washed with 
pentane (5 x 10 mL) and was again dried in vacuo. The crude residue was recrystallized from 
2:3:2 Et2O:CH2Cl2:THF v/v at −40 oC to deliver the title compound 3.22 as dark red crystals 
suitable for x-ray crystallography (41.9 mg, 73%).  
1H NMR (CD2Cl2, 500 MHz) δ 77.58 745.4 Hz), 60.25 (768.5 Hz), 39.06 (269.0 Hz), 7.52 
(2853.2 Hz), 5.70 (358.3 Hz), 3.72 (95.9 Hz), 3.41 (11.7 Hz), 1.83 (13.9 Hz), 1.26 (14.8 Hz), 1.13 
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(9.4 Hz), 0.86 (14.5 Hz), −34.50 (216.3 Hz).  IR (neat) 1627, 1517, 1264, 1204, 1043, 1026, 
1008, 816, 803 cm-1; μeff = 5.0 μB at 25 oC (Evan’s method); HRMS (MALDI) Calcd. for 
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4.1 Introduction  
 
 The use of transition metal catalysis for the selective production of organic chemicals is 
an extremely relevant topic in modern chemistry. Considering that 90% of industrial chemicals 
and pharmaceuticals are generated by way of some process involving catalysis,1 the study and 
development of new catalysts is undeniably germane to modern day research. But not all catalysts 
are created equal; those based on precious metals such as ruthenium, rhodium, platinum, 
palladium, and iridium have dominated the field for decades, and for good reason. The high 
activities and selectivities of these complexes for a tremendous range of transformations have 
justified the acclaim given to them by R. Morris Bullock, calling them “superstars of both 
homogeneous and heterogeneous catalysis”.2   
 That being said, there are some very significant drawbacks and limitations to using noble 
metals in catalysis, many of which can be overcome by replacing them with base metals such as 
iron, cobalt, nickel, and even copper. For starters, the precious metals are scarce and thus 
expensive.3 While the cost of metals such as iridium or rhodium has not prohibited of their use in 
many commercial reactions, some large scale applications, such as using platinum-catalyzed 
hydrogen fuel cells in cars, have been impeded simply because there is not enough platinum on 
the planet to carry out the task.2 On the other hand, base metals such as iron are abundant4 and 
cheap (Figure 4.1). Additionally, precious metals generally tend to be more toxic than iron by 
more than two orders of magnitude. When considering catalysts for use in pharmaceuticals, food 
products, or consumer products in general, such factors can generate costs that cannot be 
measured against the value of human life. 
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Figure 4.1. Abundance (atom fraction) of the chemical elements in Earth’s upper continental crust as a 
function of atomic number.4 
 
 To this end, there has been an increasing effort over the past few decades to develop base 
metals into useful and practical replacements for precious metals.5 Systems based specifically on 
iron have been shown to be practical for oxidation, reduction, isomerization, and coupling 
reactions, just to name a few.6 In this chapter, the application of the previously synthesized iron-
based, bis(imino)-N-heterocylic carbene (CDI) complexes to the hydrogenation of olefins as well 
as the polymerization of lactide to generate biodegradable polymers will be discussed. But before 
the catalytic reactions will be considered, stoichiometric reactivity studies to probe how these 
novel complexes behave will be presented as an introduction to the new class of complex. 
4.1.1 The Hydrogenation of Olefins Using Iron-Based Catalysts 
A transformation that dates back over 100 years, the catalytic hydrogenation of alkenes 
remains an extremely useful and widely used reaction to this day. In fact, the utility of adding 
hydrogen (H2) across a carbon−carbon double bond to generate alkanes has been recognized with 
not one but two Nobel prizes; the first was awarded in 1912 to Paul Sabatier “for his method of 
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hydrogenation organic compounds in the presence of finely disintegrated metals whereby the 
progress of organic chemistry has been greatly advanced in recent years.” The second prize was 
issued almost 90 years later, in 2001, to William S. Knowles and Ryoji Noyori “for their work on 
chirally catalyzed hydrogenation reactions.” While the value and importance of hydrogenation is 
undisputable, the vast majority of successful hydrogenation catalysts developed over the past 100 
years have been based on expensive, toxic, and rare metals.2  
Considering the applications of homogeneous hydrogenation chemistry in both the food 
and pharmaceutical industries,7 the potential benefits (see above) of using non-noble metals to 
catalyze such reactions has spurred increasing interest in the use of metals such as iron. The 
advent of a homogenous, iron hydrogenation catalyst is by no means a new concept, however, 
and reports of such reactions can be found as far back as 1964. It was then that Butterfield and 
coworkers first described iron pentacarbonyl, Fe(CO)5, as an organic soluble complex capable of 
reducing methyl linoleate at high pressures (400 psi) and temperatures (180 oC) (Scheme 4.1).8 
While a milestone for base-metal catalyzed hydrogenation, the conditions used by Butterfield and 
coworkers were prohibitively harsh for many substrates (especially by today’s standards), and left 
much room for improvement. 
Scheme 4.1. Catalytic hydrogenation of methyl linoleate using Fe(CO)5. 
 
 Aside from very few other papers on homogenous iron-catalyzed hydrogenation,9 little 
work was done on the subject until 2004. Inspired by the activity, albeit limited, of the low-valent 
Fe(CO)5, the Chirik group reduced bis(imino)pyridineFeCl2 complexes (4.1) with the hopes of 
obtaining an analogous iron(0) complex that would have the added stabilization of an L3-type 
ligand (Scheme 4.2).10 The resulting bis(dinitrogen) adduct (4.2) turned out to be seminal in its 
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own right as it represented the first time the bis(imino)pyridine ligand framework could be 
reduced,11 a finding that would ultimately lead to many more publications from the Chirik 
laboratory.12  














Although formally an iron(0) species, the redox activity of the bis(imino)pyridine ligand 
renders the species an iron(II) center coupled to the doubly anionic ligand and two molecules of 
dinitrogen. 4.2 proved to be a competent precatalyst for the hydrogenation of simple alkenes at 
low loadings (0.3 mol %) and with respectable turnover frequencies (>1800 mol/hr). In fact, the 
iron-based catalyst outperformed some of the so called “superstars” of hydrogenation, specifically 
Pd/C, Wilkenson’s, and Crabtree’s catalysts in the reduction of 1-hexene under conditions 
optimized for the iron system (Scheme 4.3).13 
Scheme 4.3. Comparison of 4.1 with traditional precious metal catalysts for the hydrogenation of 1-hexene. 
 
Catalyst Time (min) TOF (mol/h) Catalyst Time (min) TOF (mol/h) 
4.2 12 1814 (PPh3)3RhCl 12 10 




 The mechanism proposed by Chirik and coworkers for the catalytic hydrogenation of 
alkenes with 4.2 is shown below in Scheme 4.4. Loss of two catalyst equalivents of dinitrogen 
from 4.2 was observed by Toepler pump experiment, which would lead to the coordinatively 
unsaturated complex 4.3. Coordination of the olefin followed by oxidative addition of H2 
generates the 18 electron species 4.5, which after insertion and reductive elimination afford the 
reduced product and the regenerated formally iron(0) catalyst. Olefin isomerization was also 
observed via deuterium labeling experiments, presumably via allylic C−H activation and chain 
walking at intermediate 4.4 (not shown). A later study by the Chirik group explored the substrate 
scope and functional group tolerance of the method, demonstrating that alkylated amines and 
ethers were efficiently reduced.14 Carbonyl containing substrates, however, were extremely 
sensitive to the position of the olefin with relation to the carbonyl, with α,β-unstaturated ketones 
rapidly decomposing the iron complex.  
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Scheme 4.4. Chirik’s proposed mechanism for catalytic hydrogenation with 4.2. 
 
One of the major breakthroughs in iron-catalyzed hydrogenation chemistry came once 
again from the Chirik group, in 2012, in the form of an extremely potent catalyst for olefin 
reductions.15 The group developed a catalyst based on a bis(N-heterocylic carbeno)pyridine 
ligand16 (4.8, Scheme 4.5) after noting that more electron donating ligands enabled more active 
metal centers.17 The highly active species proved to be effective even for the hydrogenation of 
hindered, tri- and even tetra-substituted alkenes (Scheme 4.6), making it one of the most active 
iron-based hydrogenation catalysts to date.  
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Scheme 4.6. Rapid catalytic hydrogenation of 1-methylcyclohexene with 4.8. 
 
Thomas and coworkers recently published an operationally simpler approach to iron-
catalyzed hydrogenation.18 By simply premixing FeCl2, a commercial ligand, alkene substrate, 
and a catalytic amount of Grignard reagent under an atmosphere of hydrogen, numerous styrenes 
and even aliphatic alkenes can be reduced (Scheme 4.7). The reaction is procedurally more 
simple than the Chirik method as it does not require the synthesis and isolation of discrete, 
unstable bis(dinitrogen)iron species. Rather, reduction to the low-valent complex takes place in 
situ via the reductive coupling of two equivalents of the Grignard reagent. While this method may 
be more amenable to adoption and actual laboratory practice, the activities and substrate scope 
have yet to reach the bar set by Chirik. 




 While the past few decades have produced meaningful contributions to the realm of iron-
catalyzed hydrogenation, there is still much room for improvement.  Catalytic activities, while 
respectable, have yet to match those in highly optimized precious metal systems, and selectivity 
with regard to stereochemistry is barely in its infancy.19 The need for cheap, non-toxic catalysts 
for commercial chemistry has never been more paramount, thus, we sought to evaluate the 
bis(imino)-N-heterocyclic carbene complex  described in the past two chapters in such 
hydrogenation reactions. The details of these investigations are outlined in section 4.3.  
4.1.2 Ring Opening Polymerization of Lactide 
Another reaction that is particularly relevant to modern times is the polymerization of 
lactide to produce poly(lactic acid) (PLA). Unlike so many of the polymers that have become 
ubiquitous with consumer plastics (such as polyethylene, polystyrene, and polypropylene) that 
have extremely long degradation half-lives and thus usually end up in landfills, PLA is 
completely biodegradable.20 Not only is PLA attractive as a material in terms of its biocompatible 
waste stream, but also its production is green and renewable; in contrast to polyolefins that are 
derived from hydrocarbon and petroleum feedstocks, lactide is produced from corn starch, a 
sustainable crop. The ability of the polymer to undergo hydrolytic cleavage of the ester linkages 
in the polymer backbone has led to its usage in various applications including medical devices, 
packaging materials, and textiles.20 
To date, there are many known catalysts that can perform the ring opening polymerization 
of lactide, the cyclic dimer of lactic acid, to generate poly(lactic acid). The general mechanism for 
such a process is shown in Scheme 4.8. Conventionally, Lewis acidic metal alkoxides based on 
tin,21 zinc,22 aluminum,23 or rare-earths24 are employed, however, there are some reports of 
nucleophilic organocatalysts25 as well. 
355 
 
Scheme 4.8. General mechanism for the ring opening polymerization of lactide. 
 
 The nature of the catalyst, specifically the toxicity and biocompatabilty of remaining 
compound in the polymer, is of significant importance when considering applications such as 
biomedical devices. Metals such as tin, aluminum, and even the rare-earths are known to be toxic, 
justifying the use of relatively non-toxic metals such as iron for lactide polymerization.26 For 
these very reasons, ferric oxide was explored in 1985 by Kricheldorf for melt polymerizations of 
lactide.27 Unfortunately, the reactions were quite slow, even at elevated temperatures of 120-210 
oC, and mechanistic studies were complicated by a lack of understanding about the catalyst 
structure.  
 Almost 15 years later, Tolman and Hillmyer turned to discrete ferric alkoxide species as 
suitable catalysts for the formation of PLA.28 Extractions of commercially available iron(III) 
ethoxide with THF followed by crystallization afforded Fe5(μ5-O)(OEt)13 that was confirmed by 
X-ray diffraction. Reaction of the bridging alkoxide species with lactic acid in toluene at 70 oC 
delivered PLA with a dramatically improved kinetic profile over the iron oxide catalysts as well 
as in a controlled manner (97% conversion in 21 min, PDI = 1.17) (Scheme 4.9). Additionally, 
plots of conversion versus molecular weight (Mn) revealed a high degree of control over 
molecular weight, with the relationship between the two factors being nearly linear.29 
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97% conv, Mn = 33 kDa, PDI = 1.17  
 Trailing closely behind the work of Tolman and Hillmyer was a report by Gibson and 
coworkers who also utilized a discrete iron alkoxide species to initiate a controlled lactide 
polymerization.30 The novel feature of the communication, however, was that it was the first 
application of an active ferrous iron center whereas in all previous examples iron(III) was 
employed. Salt metathesis of the tricoordinate 4.9 (Scheme 4.10) with sodium tert-butoxide 
delivered the divalent, high spin complex 4.10. The species was determined to be highly active 
for both the polymerization of lactide and ε-caprolactone; reactions with lactide at 1 mol % 
catalyst loading were 94% converted after only 20 minutes at room temperature, generating 
polymer with an Mn of 37,500 g/mol and narrow polydispersity (PDI = 1.12). At higher levels of 
conversion, however, transesterification side reactions broadened the PDI (determined by 13C 
NMR).  
Scheme 4.10. Synthesis of the first ferrous iron alkoxide lactide polymerization catalyst. 
 
 In 2003, Gibson and coworkers reported another iron alkoxide species for the 
polymerization of lactide, only this time it was an anionic, heterobimetallic complex.31 By simply 
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treating FeBr2 with a sodium aryloxide in THF followed by crystallization, the bridging 4.11 
(Scheme 4.11) could be isolated and characterized. The dianionic nature of the iron center 
rendered the aryloxide ligands very nucleophilic, leading to rapidly initiating lactide 
polymerizations at room temperature. Unfortunately, the catalyst demonstrated poor control over 
molecular weight, and was extremely sensitive to trace impurities. On the other hand, the anionic 
[(THF)NaFe(OtBu)3]2 led to significantly more predictable polymer molecular weights, consistent 
with three propagating chains on the iron center. Once again, however, transesterification 
reactions became more pronounced as the monomer concentration decreased, now with PDI 
values broadening at only 70% conversion. 
Scheme 4.11. Synthesis of an anionic, heterobimetallic, iron-aryloxide polymerization catalyst.  
 
 In 2013, Byers and coworkers published one of the most controlled iron-catalyzed 
polymerizations to date.32 Motivated by the breadth of iron-catalyzed reactions supported by 
bis(imino)pyridine ligands,33 the group reasoned that such complexes might also be suitable for 
the polymerization of lactide, and even the copolymerization of lactide with other monomers. At 
the time, there were no known examples of bis(imino)pyridine iron alkoxide complexes in the 
literature, so the first challenge was to develop a route to an active initiating species. Although 
salt metathesis reactions did not provide any identifiable products, protonolysis of bis(alkyl) 
4.1234 with either aryl and alkyl alcohols efficiently delivered a family of the desired 
bis(alkoxide) complexes (Scheme 4.12). 
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Scheme 4.12. Synthesis of bis(imino)pyridine iron bis(alkoxide) complexes. 
 
 A highly controlled polymerization with living characteristics was observed in the 
reaction of bis(alkoxide) complexes with lactide in dichloromethane at room temperature. 
Although reaction rates in general were not as high as with the ferric alkoxides previously 
mentioned, plots of conversions versus molecular weight were very linear even at high levels of 
conversion, and polydispersity indices were always quite narrow (PDI < 1.18) for a variety of 
alkoxide initiators. A dependence on reaction rate was also established as a function of the 
electronic nature of the alcohol used; whereas electron rich aryl and alkyl alcohols produced 
shorter reaction times, electron poor aryls (4-fluorophenol, 4-nitrophenol) were inactive or 
extremely sluggish. Additionally, the procedure was operationally simplified by the in situ 
generation of the bis(alkoxide) species from the mixing of bis(alkyl) 4.12 and the alcohol of 
choice, precluding the isolation and purification of different bis(alkoxide) complexes. Lastly, it 
was found that oxidation of the catalysts to the ferric analogues completely shut down lactide 
polymerization, however, the process proved completely reversible and polymerization could be 
restarted by the addition of a reductant with no net change in reaction kinetics (Scheme 4.13). 
This facile ability to switch the properties of the active species may one day lead to novel 
catalysts for the coplymerization of lactide with other monomers. Such copolymers are expected 




Scheme 4.13. Redox switching in bis(imino)pyridine iron bis(alkoxide) lactide polymerization catalysts. 
 
Having previously observed that polymerization rates were dramatically affected by the 
electron-donating ability of the alkoxide ligands, we rationalized that the structurally similar but 
more electron donating bis(imino)-N-heterocyclic carbene could lead to a more active lactide 




4.2 Stoichiometric Reactivity Studies of Bis(imino)-N-heterocyclic Carbene 
Complexes of Iron 
Before diving into catalytic reactions wherein a relatively small quantity of a previously 
unstudied complex would be exposed to large excesses of reagents, reactive gases, and 
functionalized molecules, a series of stoichiometric experiments was first conducted to get a 
handle on the reactivity profile of the bis(imino)-N-heterocyclic carbene (CDI) complexes 
synthesized and described and chapters 2 and 3 (4.1635, Figure 4.2). From these trials, we sought 
to gain insight into the nature of species pertinent to some of the catalytic cycles described above, 
for example an iron−hydride or iron−alkyl complex like that shown in Scheme 4.4. While none of 
the direct analogues to the compounds described in Scheme 4.4 were ever successfully 
synthesized, the following series of reactions highlights the unique reactivity of bis(imino)-N-
heterocyclic carbene complexes. These studies have the potential not only to inspire future 
catalytic reactions with these novel compounds, but also to provide mechanistic insight into 
related organometallic-mediated processes.   
Figure 4.2. (CDI)FeCl2. 
 
4.2.1 Halide Abstraction – Synthesis of the Cationic [(CDI)FeCl(CH3CN)]SbF6 
One of the simplest experiments carried out in an attempt to compare the reactivity of 
CDI complexes to that of their bis(imino)pyridine (PDI) ancestors was a routine halide atom 
abstraction. Synthesis of a cationic, acetonitrile adduct (4.17) was smoothly accomplished by a 
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salt metathesis with AgSbF6 (Scheme 4.14) in high yield. Infrared spectroscopy revealed a very 
strong stretch at 655 cm-1, indicative of the Sb−F bond in the SbF6- counterion.  
Scheme 4.14. Synthesis of a cationic [(CDI)FeCl(CH3CN)]SbF6 (4.17). 
 
 Bright red crystals suitable for X-ray crystallography were grown from the vapor 
diffusion of pentane into a CH2Cl2 solution at −40 oC (Figure 4.3, Table 4.1). Interestingly, 
complex 4.17 exhibits significantly different metrical parameters when compared to the 
analogous cationic complex bearing a bis(imino)pyridine ligand.36 The most obvious distinction 
is the preferred binding modes for the chlorine and solvent. Whereas in the corresponding 
bis(imino)pyridine complex the halogen occupies a basal position in the square pyramid and the 
acetonitrile molecule the axial site, the opposite is true for complex 4.17. This could be due to the 
increased donor ability of the NHC having a more pronounced trans effect upon ligation solvent.  
As one would expect for a more electron-poor metal complex (compared to the parent 
dichloride 4.16), both the iron−carbene (Fe(1)−C(1)) and iron−imine (Fe(1)−N(3)) bond distances 
shorten by a few hundredths of an angstrom. Additionally, the distance between the metal center 
and the axial chlorine echoes this trend and is truncated from 2.325(1) to 2.2864(4) Å. It should 
also be noted that the metrics about the CDI ligand itself (for example C(1)−N(1)) do not change 
at all, indicating no change in the oxidation state of the ligand.  
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Figure 4.3. X-ray structure of cationic [(CDI)FeCl(CH3CN)]SbF6 (4.17) at 100 K with thermal ellipsoids 
represented at the 50% probability level. Hydrogen atoms, solvent molecules, and the SbF6- counterion 
were omitted for clarity. 
 
Table 4.1. Selected bond lengths (Å) and angles (deg) for [(CDI)FeCl(CH3CN)]SbF6 (4.17). 
 Length (Å) Angle (deg) 
Fe(1)−C(1) 1.802(1)  
Fe(1)–Cl(1) 2.286(4)  
Fe(1)–N(3) 1.994(1)  
Fe(1)–N(4) 2.002(1)  
Fe(1)–N(5) 2.009(1)  
C(5)–N(4) 1.306(2)  
C(1)–N(1) 1.363(2)  
N(2)-C(5) 1.379(2)  
N(3)–Fe(1)–N(4)  145.52(5) 
Cl(1)−Fe(1)−N(5)  100.52(4) 
 
Although a relatively modest transformation, the propensity of the acetonitrile ligand to 
bind trans to the carbene ligand demonstrates a clear difference in behavior when compared to 
the analogous bis(imino)pyridine complex. In contrast, the next set of reactions will highlight 




4.2.2 Addition of a Hydride – Synthesis of (CDI−H)FeCl 
Iron hydrides are commonly occurring intermediates in numerous catalytic cycles. 
Whether as species along the hydrogenation pathway shown in section 4.1.1,10 or products of 
chain terminating β-hydride elimination in ethylene polymerization,37 the formation and further 
reaction of an Fe−H bond can be of great significance in a catalytic process.  
To explore the inherent reactivity of an iron hydride or even dihydride complex, we set 
out to synthesize the compound authentically from the parent (CDI)FeCl2 (4.16). Treatment of 
4.16 with an equivalent of LiEt3BH produced a dramatic color change from the purple of the 
starting material to a brilliant, candy apply green (Scheme 4.15). Filtration, concentration, and 
crystallization from a mixture of benzene layered with hexanes delivered stunning crystals of a 
paramagnetic species (μeff = 5.2 μB as determined by Evans’ method38).  High resolution mass 
spectroscopy data were in agreement with the calculated formula for a (CDI)iron hydrochloride 
species.  











 Unable to observe a distinct iron−hydride by 1H NMR (due to paramagnetism) or FTIR, 
X-ray crystallography was employed to definitively establish the structure of the green complex 





Table 4.2). Much to our surprise, the solid state structure of 4.18 clearly revealed that the 
compound synthesized was not what we had anticipated, although it was isomeric. While it was 
expected that the hydride would be iron−bound, a new C−H bond was formed between the 
hydride and the carbene carbon of the CDI ligand, effectively transforming it from a carbene to 
an alkyl. The bond metrics in the crystal structure reflect this change; whereas the carbene used to 
be planar with respect to its flanking nitrogens, C(1) now adopts a tetrahedral geometry as is 
evident by the N(1)−C(1)−N(2) angle of 109.0(1) Å. Additionally the Fe(1)−C(1) bond 
drastically elongates from the abnormally short 1.811(2) Å (at 100 K), to 2.098(2) Å, a value 
consistent with iron−alkyl bonds.39 As expected, the C(1)−N(1) and C(1)−N(2) bonds lengthen 
significantly as the double bond character in the carbene structure is reduced to single bonds, 
elongating from 1.360(3) Å to 1.463(2) Å. It should also be noted that the complex is 
geometrically quite abnormal about the iron center, and based on the N(3)–Fe(1)–N(4) and 
C(1)−Fe(1)−Cl(1) bond angles of 130.64(5)o and 150.52(4)o, respectively, is somewhere between 
extremely distorted tetrahedral and square planar. 
Figure 4.4. X-ray structure of 4.18 at 100 K with thermal ellipsoids represented at the 50% probability 







Table 4.2. Selected bond lengths (Å) and angles (deg) for 4.18. 
 Length (Å) Angle (deg) 
Fe(1)−C(1) 2.098(2)  
Fe(1)–Cl(1) 2.2344(5)  
Fe(1)–N(3) 2.092(1)  
Fe(1)–N(4) 2.095(1)  
C(5)–N(4) 1.309(2)  
C(1)–N(1) 1.463(2)  
N(2)-C(5) 1.346(2)  
N(1)−C(1)−N(2)  109.0(1) 
N(3)–Fe(1)–N(4)  130.64(5) 
C(1)−Fe(1)−Cl(1)  150.52(4) 
 
The addition of a hydride, or any nucleophile in general, to the carbon of a metal-bound 
N-heterocyclic carbene is a relatively rare occurrence. If anything, vast bodies of research have 
established that Arduengo-type NHCs are robust ancillary ligands.40 On the other hand, Fischer 
carbenes are known to be quite electrophilic, presumably due to the decrease in stabilization of 
the carbene by a reduced number of flanking heteroatoms.41  
Nevertheless, a survey of the literature did turn up a very similar transformation for 
another type of N-heterocyclic carbene with poor π-stabilization, the cyclic aminocarbene 
(CAAC).42 In 2013, using nearly identical reaction conditions, Roesky, Frenking, Ditrich 
discovered the addition of a hydride to the ligand in a (CAAC)ZnCl2 (4.19) complex (Scheme 
4.16).43 Although not explicitly mentioned in the publication, it is reasonable that the authors 
were hoping to accomplish a formal reduction of the zinc complex, which was ultimately effected 
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using KC8. In any event, the addition of hydride to the CAAC represents the best literature 
precedent for the abnormal reactivity observed in with 4.16. 
Scheme 4.16. Addition of a hydride to a (CAAC)ZnCl2. 
 
 The mechanism for the formation of 4.18 is curious as there are two plausible pathways 
for the reaction to occur (Scheme 4.17). In pathway A (blue), the hydride is delivered from the 
LiEt3BH directly to an electrophilic N-heterocyclic carbene.44 In the pathway B (red), hydride is 
added to the iron center as would have been expected, followed by an α-migration onto the π-
accepting carbene. Such a migration is formally an insertion of the carbene into an iron−H bond, 
which while unexpected for NHC ligands, is routine for metal bound olefins or carbonyl 
ligands.45  
Scheme 4.17. Possible mechanisms for the formation of 4.18. 
 
Although unexpected, complex 4.18 raises many interesting questions that one day may 
have implications for novel modes of catalysis. For example, what is the nature of the newly 
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formed C−H bond (Scheme 4.18)? It is possible to envision it behaving as a proton source (to 
form a Schrock-type carbene, 4.22),46 an H• donor (to generate a formally Fe(I) species which has 
been previously described in chapter 3, 4.23),47 or even as a hydride source (to formally oxidize 
the complex, 4.24)48. So far, preliminary experiments have been complicated by the extreme 
sensitivity of the complex and its propensity to rapidly decompose in the presence of water or 
trace impurities.  
Scheme 4.18. Possible reactivities of the C−H bond in 4.18. 
 
4.2.3 Addition of an Alkyl Lithium Reagent 
Iron−alkyls are another class of organometallic complex that are paramount in numerous 
catalytic reactions, including hydrogenation,10 hydrosilylation,49 olefin polymerization,37 
cycloadditions,50 and more.51 Not only are they common as intermediates along various catalytic 
cycles, but bis(alkyl) complexes have been shown to be suitable precatalysts for ethylene 
polymerization that circumvent the use of harsh and nucleophilic activators such as MAO.52 
Given the ultimate goal of developing new catalytic methods using CDI complexes of iron and 
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the high possibility of iron−alkyls being relevant to the cause, we sought to synthesize an 
authentic iron−alkyl species.  
Treatment of (CDI)FeCl2 (4.16) with one equivalent of LiCH2TMS resulted in the 
formation of a new compound (4.25, Scheme 4.19), the high resolution mass spectroscopy of 
which agreed with a complex containing one less hydrogen atom than was expected. Anticipating 
a unique structure, single crystals were grown from benzene layered with hexanes.  
Scheme 4.19. Synthesis of alkylated 4.25 from (CDI)FeCl2 (4.16). 
 
 The solid state structure of but another very unique iron complex is shown in Figure 4.5. 
Similar to the result upon addition of hydride to (CDI)FeCl2 (4.16), once again the nucleophile (in 
this case LiCH2TMS) has formed a new bond with the carbene ligand rather than the iron center. 
Analysis of the bond metrics from the crystal structure suggest that a β-H elimination has also 
occurred; both C(1) of the heterocycle as well as C(33) of the added alkyl group both form bonds 
with the iron center, and the C(1)−C(33) distance is too short to be a single bond (1.408(4) Å. 
Further evidence for the C(1)−C(33) bond having double bond character is the hybridization of 
C(33), which is much closer to sp2 than sp3 as determined by the C(1)−C(33)−Si(1) angle of 
130.5(2). The analogous measurement for C(1) also reveals planar bonding, with an 
N(1)−C(1)−C(33) angle of 120.6(2)o. Overall, the complex is distorted tetrahedral about the iron 
center, which is evident from the C(33)−Fe(1)−Cl(1) and N(3)–Fe(1)–N(4) angles of 107.8(1)o 
and 107.0(1)o, respectively. 
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Figure 4.5. X-ray structure of 4.25 at 100 K with thermal ellipsoids represented at the 50% probability 
level. Hydrogen atoms, solvent molecules, and isopropyl groups were omitted for clarity. 
 
Table 4.3. Selected bond lengths (Å) and angles (deg) for 4.25. 
 Length (Å) Angle (deg) 
Fe(1)−C(1) 1.970(2)  
Fe(1)−C(33) 2.130(3)  
Fe(1)–Cl(1) 2.271(1)  
Fe(1)–N(3) 2.067(2)  
Fe(1)–N(4) 2.118(2)  
C(5)–N(4) 1.312(3)  
C(1)−C(33) 1.408(4)  
C(1)–N(1) 1.460(3)  
N(2)-C(5) 1.365(3)  
N(3)–Fe(1)–N(4)  107.0(1) 
C(33)−Fe(1)−Cl(1)   107.8(1) 
C(1)−C(33)−Si(1)  130.5(2) 
N(1)−C(1)−C(33)  120.6(2) 
 
Once again, the addition of an alkylating agent to an N-heterocyclic carbene is a rare 
phenomenon and has seldom been observed. That being said, there are a few examples in the 
literature of metal−alkyls inserting into metal−NHC bonds.  The first example was reported by 
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Danopoulos and coworkers upon treating a bis(carbene)-containing pincer ligand with 
(TMEDA)Pd(CH3)2 (Scheme 4.20).53 Although the authors do not disclose any details of the 
process, they do report that β-H elimination is sometimes observed from the migrated methyl 
group in 4.26.  
Scheme 4.20. Migratory insertion of a methyl group into a Pd−NHC bond. 
 
A second example of alkyl migration into a metal−NHC bond was reported by Fryzuk 
and coworkers in 2009.54 Upon addition of ethylene to PCP nickel hydride 4.27, the completely 
unexpected 4.29 was isolated as the product of the reaction (Scheme 4.21). Deuterium labeling 
experiments in addition to computational evidence supported a mechanism in which the ethylene 
binds the metal center, inserts into the metal hydride to give an alkyl species (4.28), which then 
migrates into the metal−NHC bond.   
Scheme 4.21. Insertion of an ethyl group in to a Ni−NHC bond. 
 
The mechanistic possibilities for the formation of 4.25 are not as straight forward as those 
for the hydride addition product, 4.18 (Scheme 4.22). In the first step, alkylation can happen at 
the NHC (path A), or at the iron (path B). In the event of iron alkylation, α-migration to the 
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carbene would generate intermediate 4.31, which would then have β-hydrides and thus could 
undergo β-hydride elimination to give complex 4.32. At this point it is possible that a reduction 
event of some kind occurs (keeping in mind isolated yields of 4.25 are around ~30%), eliminating 
the metal hydride to give the observed product. Evidence for a metal hydride species has been 
observed by FTIR of the crude reaction mixture (medium stretch at 1953 cm-1); unfortunately, X-
ray crystallography is not able to resolve iron−hydrogen bonds, and spectroscopically pure 
material containing the observed FTIR stretch has never been obtained.  
Scheme 4.22. Potential mechanistic pathways to 4.25. 
 
4.2.4 Summary of Stoichiometric Reactivity 
It is evident from the stoichiometric experiments carried out that bis(imino)-N-heterocyclic 
carbene complexes of iron behave much differently than their bis(imino)pyridine counterparts, 
and in general exhibit very unique and novel modes of reactivity. Halide abstraction highlights 
the trans influencing strength of the carbene over the pyridine variant, an outcome that could be 
expected given the superior donating abilities of carbene ligands. An inherent electophilicity of 
the carbene carbon has also been demonstrated by the addition of nucleophilic hydride and alkyl 
sources, both of which end up on the ligand instead of the expected iron center. The non-innocent 
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behavior of the ligand is particularly interesting, and could have major implications for catalysis 
and the in the mechanisms of the hydrogenation and polymerization reactions that will be 




4.3 Catalytic Applications of Bis(imino)-N-heterocyclic Carbene Complexes 
of Iron – Alkene Hydrogenation 
In synthesizing one of the most active iron-based hydrogenation catalysts to date, Chirik 
and coworkers clearly demonstrated that more electron donating pincer ligands led to faster and 
more productive active species.15 By switching from a bis(imino)pyridine ligand to a bis(N-
heterocyclic carbeno)pyridine, the group was not only able to dramatically increase turnover 
numbers, but also was able to hydrogenate previously unreactive substrates, such as 
unfunctionalized tri- and tetrasubstituted alkenes. In chapter 3, it was shown that bis(imino)-N-
heterocyclic carbene ligands (CDI) were even more donating that the previously mentioned 
bis(NHC)pyridines, as was evident from comparison of the CO stretching frequencies in the 
analogous iron(0) complexes (Figure 3.26). From these data, we reasoned that CDI supported 
catalysts may be even more active than the bis(NHC) complexes that were the state of the art. 
4.3.1 Synthesis of a (CDI)Fe(N2)2 Species 
The first step in probing the hypothesis that the CDI ligand would enable an extremely 
reactive iron catalyst for olefin hydrogenation was to synthesize an appropriate precatalyst. Chirik 
had used reduced, dinitrogen-ligated complexes in all reported cases of hydrogenation,55 so it 
seemed logical to make the analogous CDI species to enable direct comparison. Treatment of 
(CDI)FeCl2 (4.16) with an excess of Na(Hg) under a pressure of dinitrogen afforded a dark red, 
crude solid after filtration and concentration (Scheme 4.23). The FTIR spectrum contained two 
very strong and distinct stretches at 2067 and 1971 cm-1, the hallmark of symmetric and 
asymmetric stretches from two metal-bound dinitrogen molecules. In analogy to the bis(carbonyl) 
complexes described in chapter 3, the observed dinitrogen stretching frequencies once again 
reflect the trend that CDI ligands are significantly more donating that their bis(imino)pyridine56 or 
bis(NHC)pyridine57 counterparts (Scheme 4.24). Unfortunately all attempts at crystallization of 
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the mixture afforded cocrystals of the dinitrogen species along with the singly reduced (CDI)FeCl 
(4.34q).  
Scheme 4.23. Reduction of (CDI)FeCl2 (4.16) to generate a bis(dinitrogen) adduct. 
 
Scheme 4.24. FTIR stretching frequencies of pincer-ligated iron(dinitrogen) complexes. 
 
 Assuming that the presence of 4.34q was a result of incomplete reaction,58 the same 
transformation was attempted with an increase in pressure of dinitrogen and reaction time 
(Scheme 4.25). After 18 hours at 95 psi, the reaction was worked up as before and crystallized. In 
a completely unexpected result, the dimer 4.35 was identified as the crystalline product of the 
reaction by X-ray crystallography. Notable about the structure was the reduction of the carbenes 
to the C−H containing species, reminiscent of complex 4.18. Also, the dimer is bridged by a 
ligand that has lost the carbene carbon all together, perhaps the result of hydrolysis by 
adventitious water.  
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Scheme 4.25. Reduction of (CDI)FeCl2 (4.16) at 95 psi N2 for 18 hours. 
 
Clearly, the synthesis of a bis(dinitrogen) species was not as straightforward as originally 
anticipated, and would require more optimization. Nevertheless, some of the desired 4.33 was 
isolated, albeit as a mixture with 4.34q, so hydrogenation studies were commenced with the 
material in hand. 
4.3.2 In-situ Catalyst Formation, Hydrogenation, and Substrate Scope 
Despite not having isolated pure (CDI)Fe(N2)2 (4.33), it seemed reasonable that a reduced 
species could be generated in situ. The results of a preliminary substrate screen using (CDI)FeCl2 
(4.33) are shown in Table 4.4. Gratifyingly, complete conversion of allylbenzene to the desired 
propylbenzene was accomplished by stirring a mixture of Na(Hg), 4.16, and the substrate in THF 
under 80 psig of hydrogen for 20 hours (entry 1). A control experiment was carried out in the 
absence of catalyst 4.16, confirming that no conversion of the allylbenzene takes place without 
the iron complex (entry 2). Subjecting trans-9-octadecene to the same reaction conditions 
resulted in approximately 35% conversion to octadecane in addition to new olefin containing 
compounds (entry 3). The new signals on the 1H NMR could possibly stem from iron catalyzed 
alkene isomerization, similar to that observed by Chirik.10 Continuing to probe the scope of 
productive hydrogenation, 1,1-disubstituted α-methylstyrene was transformed to cumene, albeit 
in low conversion (entry 4). In analogy to entry 2, the same experiment was carried out in the 
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absence of the catalyst, precluding reduction of the electron-poor alkene in the presence of 
Na(Hg) and hydrogen gas. Entries 6-9 outline the limitations of the current system, specifically 
ineffective hydrogenation of cis-internal alkenes (entry 6), trans-stilbenes (entry 7), 1,1-dialkyl 
alkenes (entry 8), and trisubsituted olefins (entry 9). 
Table 4.4. Hydrogenation of alkenes using (CDI)FeCl2 (4.16).a 








None N/A 0 








None N/A 0 
6 
 
4.16 N/A 0 
7 
 
4.16 N/A 0 
8 
 
4.16 N/A 0 
9 
 
4.16 N/A 0 
aReaction conditons: 10 mol % precatalyst, 50 mol % Na(Hg), 80 psi H2, THF, 
23 oC, 20 h.  bDetermined by 1H NMR. 
4.3.3 Mechanistic Investigation 
The scope of the hydrogenation reaction catalyzed by an in situ generated catalyst was 
clearly very limited and the reaction conditions (the use of Na(Hg)) were by no means ideal. An 
investigation was carried out to try to identify the active catalyst, or at the very least a competent 
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precatalyst, to eliminate the use of the reductant and also to allow for ligand modifications that 
could increase substrate scope.59  
The first component to probe was the required oxidation state of the precatalyst, as 
hypothetically in the in situ reduction, three different oxidation states are possible (formally 
iron(II), iron(I), or iron(0)).  A screen of iron complexes across a range of oxidation states was 
carried out for the hydrogenation of allylbenzene (Scheme 4.26). FeCl2 was added as a control 
experiment in the event that the ligand was dissociating during the reaction and possibly leading 
to a catalytically competent species (entry 1). Unfortunately, none of the CDI complexes 
subjected to the reaction in the absence of the Na(Hg) reductant resulted in any conversion of the 
starting alkene. This led us to speculate that a new complex was being formed under the reaction 














Scheme 4.26. Precatalyst oxidation state screen for hydrogenation. 
 
Entry Precatalyst  Conversion (%)a

















aDetermined by 1H NMR. bMixed with an unknown 
amount of 4.34q. 
 
To probe any reaction between the starting 4.16, hydrogen gas, and Na(Hg), an 
experiment was carried out in the absence of the olefin-containing substrate. (CDI)FeCl2 (4.16) 
was subjected to the reaction conditions for 2 hours, after which it was filtered and concentrated 
(Scheme 4.27). Analysis of both the crude reaction mixture by FTIR as well as single crystals of 
the product established 4.18 as the major product of the reaction. It must be pointed out that this 
was the exact same product of the previously mentioned reaction with LiEt3BH (Scheme 4.15)!  
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Scheme 4.27. Reduction of (CDI)FeCl2 (4.16) under H2 to give 4.18. 
 
 Curious as to whether the C−H containing 4.18 could be the enigmatic catalyst being 
generated in successful hydrogenation reactions, the species was subjected to the reaction with 
allylbenzene both with and without added Na(Hg) (Scheme 4.28). Unfortunately, neither reaction 
resulted in any substantial conversion of the starting material. 
Scheme 4.28. Subjection of 4.18 to the hydrogenation of allylbenzene. 
 
At this point in the project, it was determined that there would be significant challenges 
associated with optimizing (or even identifying) a catalyst that could be impactful in the 
hydrogenation literature. Although there is promise that CDI-containing complexes of iron could 
very well be extremely active for the hydrogenation of olefins, there is still much work to be done 
before that goal can be accomplished.  
4.3.4 Summary of Catalytic Hydrogenation Results 
In conclusion, the catalytic hydrogenation of simple, unhindered alkenes was accomplished 
using an in situ generated active species from the parent (CDI)FeCl2 (4.16). The substrate scope 
of the reaction was extremely limited, however, it is possible that the steric hindrance of the bulky 
2,6-diisopropyl groups prevents coordination of more substituted alkenes. A potential solution for 
the observed lack of reactivity could simply be substituting the isopropyl moieties with less 
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sterically demanding methyl groups. Additionally, the reaction was plagued by the necessity of 
using Na(Hg) as a substoichiometric additive. Unfortunately, all attempts to establish an isolable 
precatalyst were not successful, precluding catalyst modification and optimization. Much more 




4.4 Catalytic Applications of Bis(imino)-N-heterocyclic Carbene Complexes 
of Iron – Polymerization of Lactide 
The polymerization of lactide by bis(imino)pyridine complexes of iron is one the most 
controlled, and predictable methods  of making biodegradable polymers using non-toxic, base 
metals. 32 The seminal work on the pincer-ligated complexes by the Byers group in 2013 
established a well-defined dependence on the electronic nature of the alkoxide ligands, with more 
donating ligands affording more active catalysts, while electron deficient chelators either slowed 
or completely shut down reaction. Given the potent donating nature of bis(imino)-N-heterocyclic 
carbene ligands in comparison to bis(imino)pyridines, it could be reasoned that switching to the 
more donating pincer could affect a more active catalyst. To explore this hypothesis, the 
polymerization of lactide using CDI complexes of iron was investigated.  
4.4.1 Synthesis of CDI Iron Bis(alkoxide) Complexes 
As shown in section 4.1.2, the most active and well controlled iron-catalyzed 
polymerizations of lactide always involve iron alkoxide complexes as reaction initiators. Before 
polymerization reactions could be attempted with a catalyst bearing the CDI ligand framework, 
an appropriate bis(alkoxide) had to be synthesized. Generation of bis(aryloxide) complexes was 
readily accomplished by treating (CDI)FeCl2 (4.16) with two equivalents of the corresponding 
sodium aryloxide salt (Scheme 4.29). It is noteworthy that the analogous reaction with 
bis(imino)pyridine complexes only gives rise to multinuclear species that do not retain the 
bis(imino)pyridine ligand.32 It is possible that this difference in reactivity is a function of the 
stronger binding of bis(imino)-N-heterocyclic carbenes in comparison to bis(imino)pyridines.  
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Scheme 4.29. Synthesis of an (CDI)Fe(aryloxide)2 from (CDI)FeCl2 (4.16). 
 
Single crystals of bis(4-methoxyphenoxide) 4.36 were grown from a room temperature 
solution in benzene, layered with hexanes (Figure 4.6, Table 4.5). The complex is best described 
as distorted square pyramidal at iron, with one aryloxide ligand in the apical position and one in 
the meridional plane with the CDI ligand. The iron−carbene bond is still considered short at 
1.854(2) Å, which is reminiscent of the bonding interaction described in chapter 3. Most of the 
rest of the metrics associated with the ligand remain similar to those in the parent (CDI)FeCl2 
(4.16), which is consistent with little to no redox activity in the CDI or phenoxide ligands. 
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Figure 4.6. X-ray structure of (CDI)Fe(4-methoxyphenoxide)2 (4.36) at 100 K with thermal ellipsoids 
represented at the 50% probability level. Hydrogen atoms, solvent molecules, and the 2,6-diisopropyl 
substituents were removed for clarity. 
 
Table 4.5. Selected bond lengths (Å) and angles (deg) for (CDI)Fe(4-methoxyphenoxide)2 (4.36). 
 Length (Å) Angle (deg) 
Fe(1)−C(1) 1.854(2)  
Fe(1)–O(1) 1.917(1)  
Fe(1)–O(3) 1.921(1)  
Fe(1)–N(3) 2.064(1)  
Fe(1)–N(4) 2.067(1)  
C(5)–N(4) 1.304(2)  
C(1)–N(1) 1.373(3)  
N(2)-C(5) 1.374(2)  
C(1)−Fe(1)−O(1)  107.1(1) 
C(1)–Fe(1)–O(3)  150.2(1) 




Considering the synthetic ease of the salt metathesis used to generate the aryloxide 
complexes 4.36 and 4.37, the same procedure was applied to in attempts to generate aliphatic 
alkoxide complexes. Unfortunately, treatment of the same starting (CDI)FeCl2 (4.16) with two 
equivalents of sodium benzyloxide did not result in any of the desired bis(alkoxide) species. 
Rather, (CDI)FeCl (4.34q) was isolated as the major crystalline compound out of the reaction 
mixture, and benzaldehyde was detected by gas chromatography (Scheme 4.30). Similar findings 
were observed when both sodium methoxide or the sodium neopentyl alkoxide were used. While 
the mechanism of the formation of 4.34q is not certain, it probably involves addition of the 
alkoxide to the iron center followed by β-H elimination, which is then somehow reduced in 
analogy to the mechanism proposed in Scheme 4.22. 
Scheme 4.30. Attempted synthesis of bis(alkyl alkoxide) complexes. 
 
 Although the addition of sodium alkoxides to the parent dichloride complex worked 
smoothly for aryl substituted substrates, and alternative method would be required to synthesize 
the aliphatic variants. Nevertheless, with CDI-ligated iron alkoxides in hand, the door was opened 
to begin polymerization experiments.  
4.4.2  (CDI)Fe(4-methoxyphenoxide)2 (4.36) Catalyzed Lactide Polymerization 
Using conditions similar developed by Ashley Biernesser in the seminal polymerization 
publication by Byers and coworkers,32 (CDI)Fe(4-methoxyphenoxide)2 (4.36) was evaluated as a 
lactide polymerization catalyst. Dr. Cesar M. Manna carried out the first successful experiments, 
in which complex 4.36 was reacted with lactide in 1,2-dimethoxyethane to produce poly(lactic 
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acid) with relatively high molecular weights and narrow PDIs (Scheme 4.31). Gratifyingly, after 
3 hours, the reaction had reached 87% conversion with Mn = 36,400 and PDI = 1.32. In contrast 
to the results obtained with bis(imino)pyridine supported catalysts, these values represent number 
average molecular weights that are significantly higher. 





23 oC, 3 h, DME
2 mol % 4.36









Time (min) Conversion (%)a Mn (g/mol)b PDI (Mw/Mn)
 b 
20 6 11700 1.29 
40 36 19700 1.28 
60 52 24100 1.35 
80 60 29800 1.30 
100 71 33100 1.30 
120 78 33000 1.37 
140 82 35600 1.33 
160 87 38900 1.26 
180 87 36400 1.32 
200 90 39500 1.25 
220 90 39400 1.26 
aConversion was determined by 1H NMR using 1,3,5-
trimethoxybenzene as an internal standard. bMolecular weight was 
determined by GPC relative to polystyrene standards. 
From the conversion data, the reaction order in lactide could also be established (Figure 
4.7). Plotting the natural logarithm of the lactide concentration versus time gave a linear 
correlation, consistent with a reaction that is first order in lactide.  
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Figure 4.7 First-order plot of time versus lactide concentration. 
 
A plot of lactide conversion versus molecular weight (Mn) is shown in Figure 4.8. The 
data (blue points) correlate in a highly linear fashion, indicating controlled reaction during 
propagation. It is curious, however, that the fit line does not pass through the origin, as would be 
expected. A similar phenomenon was observed in the first report by Byers and coworkers32 which 
could be rationalized by the slow initiation of lactide polymerization.  Supporting this notion are 
Mn values that are well above the calculated numbers, as well as an observed induction period. 
Whereas the calculated molecular weight of PLA for a system with an [lactide]:[Fe] ratio of 50:1 
is 6480 g/mol, the measured Mn of 39,500 g/mol reflects a [lactide]:[Fe] ratio of 300:1, implying 
only 17% of the iron added to the reaction is active for polymerization.  
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Figure 4.8. Conversion of lactide versus polymer molecular weight (Mn). 
 
An alternative explanation for the observed data would be the slow decomposition of 
bis(alkoxide) 4.36 into a small amount of a new, catalytically active compound (Scheme 4.32).  
To distinguish a decomposition event from slow initiation, we reasoned that varying the 
concentration of lactide in the reaction could shed light on the origin of the induction period. On 
one hand, the duration of the induction period in pathway 1 would be dependent on [lactide], 
presumably in a first order relationship. On the other hand, pathway 2 would only be dependent 
on the concentration of the iron species (zero order in lactide), and thus any change in the 
concentration of lactide should not affect the measured induction period.60  
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Scheme 4.32. Potential pathways of lactide polymerization initiation. 
 
 In a battery of kinetic experiments carried out by Dr. Cesar M. Manna, reaction 
rates and induction periods were measured at various concentrations of lactide (Figure 4.1, Table 
4.6). When lactide concentration was reduced by a factor of four, the induction period increased 
from 15 minutes to 50 minutes.  Conversely, a reduction of the induction period to 3 minutes was 
observed when the lactide concentration was increased by a factor of four. These observations are 
consistent with a slow initiating catalyst to explain the induction periods and the unusually high 
molecular weights observed for 4.36.  The ultimate molecular weight obtained in these reactions 
corroborated this hypothesis.  If more catalyst is made active by increasing the lactide 
concentration, then the observed Mn should be closer to the experimental Mn. In these 
experiments, increasing the lactide concentration also increased the [lactide]:[catalyst] ratio from 
50:1 to 200:1.  As expected, Mn for these two reactions increased from 39,400 g/mol to 59,200 
g/mol, but the theoretical Mn based on the lactide to catalyst ratio should be 64,800 g/mol and 
16,900 g/mol, respectively.  The polymer molecular weight observed at [lactide]:[catalyst] of 
200:1 is more consistent with an actual [lactide]:[catalyst] of 455:1, which corresponds to 44% of 
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the iron added to the reaction that is active for lactide polymerization.  This percentage is nearly 
triple what was observed compared to reactions carried out at 50:1 lactide to catalyst ratio.  
Similarly, a decrease in the amount of iron available for lactide polymerization was observed 
when the concentration of the lactide was decreased (only 7.8% of the iron added is active for 
lactide polymerization). 
Figure 4.9. Induction periods for different lactide concentrations: 21.8 mM (black squares), 87.5 mM (red 

























21.8 12.5 72 1.29 16.7 1.22 50 0.44 0.27 
87.5 50 90 6.48 39.4 1.26 15 2.10 0.57 
350 200 90 16.9 59.2 1.42 3 4.07 1.54 
875 500 90 64.8 92.3 1.32 10 6.59 2.40 
aConversion was determined by 1H NMR using 1,3,5-trimethoxybenzene as an internal standard.bCalc. Mn 
= lactide mol. wt.*lactide:4.36*conv. cMolecular weight was determined by GPC relative to 
polystyrene standards. 
Fortuitously, an increase in the amount of catalytically active iron at higher 
[lactide]:[catalyst] ratios allows for an unusual situation were an increase in rate is expected as 
the amount of catalyst relative to lactide is decreased. To illustrate this point, the observed rate 
constants for reactions carried out at different concentrations of lactide are reported in Table 4.6.  
Because polymerization of lactide is first order in monomer, the reaction rate increased as the 
lactide concentration was increased.  However, at higher concentrations of lactide, the observed 
rate constant abstracted from pseudo-first order plots of ln([lactide]/[lactide]0) vs. time also 
increased.  This increase in rate constant is consistent with the fact that more iron is active for 
polymerization as [lactide]:[catalyst] increases.  To highlight this point, a plot of the observed rate 
constants versus the amount of iron active for polymerization estimated from the molecular 
weights of the polymer leads to a linear correlation (Figure 4.10).  A consequence of this behavior 
is faster reaction rates at higher lactide to catalyst ratios. These measured rate constants are also 
noticeably greater than those for the corresponding bis(imino)pyridine complexes, supporting our 
hypothesis that the more donating CDI ligand would lead to faster reaction kinetics.  
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Figure 4.10. Observed rate constants obtained from ln([lactide]/[lactide]0) plots versus the amount of iron 
estimated to be active for polymerization ([Fe]eff) determined by comparing experimental Mn with 
theoretical Mn. 
 
4.4.3 Summary of Polymerization Results 
To summarize, new iron bis(alkoxide) complexes bearing CDI ligands have been 
synthesized and have demonstrated catalytic activity for the ring opening polymerization of 
lactide. Whereas bis(aryloxide) complexes could be generated by a straight forward salt 
metathesis reaction, identical conditions with alkyl alkoxides only resulted in β-H elimination to 
form the corresponding aldehyde and a reduced iron species. The reaction of (CDI)Fe(4-
methoxyphenoxide)2 (4.36) with lactide in dimethoxyethane effected efficient polymerization to 




Compared to bis(imino)pyridine complexes, the more electron releasing bis(imino)-N-
heterocyclic carbene complex 4.36 was capable of producing higher molecular weight polymer in 
shorter periods of time.  Mechanistic studies revealed that an observed induction period is most 
likely due to slow initiation rates, which can be improved by increasing the concentration of 
lactide in the reaction. Along these lines, it was observed that increasing the [lactide]:[catalyst] 
ratio resulted in the formation of more active catalyst, effectively accelerating reaction rate. The 
application of these complexes to polymerization of other lactones as well as their use for co- and 





CDI complexes of iron not only demonstrate unique reactivity towards a variety of 
reagents, but also have been shown to be competent catalysts for hydrogenation and 
polymerization reactions. The potent donating abilities of the NHC-containing ligand compared 
to related pincer complexes has been highlighted by both spectroscopic and experimental means; 
FTIR analysis of bis(carbonyl) and bis(dinitrogen) species reveal considerably weaker stretching 
frequencies for the π-accepting ligands, presumably a function of the added electron density at the 
iron center from the increased ligand donation. Additionally, halide atom abstraction results in the 
binding of a molecule of acetonitrile trans to the carbene donor, a classic example of the kinetic 
trans effect. 
In addition to being structurally and electronically interesting,61 CDI ligands bound to iron 
also demonstrate unique reactivity, behaving as non-innocent ligands in bond forming reactions. 
Addition of a nucleophilic hydride results in formation of a new C−H bond between the carbene 
of the ligand and the hydride, a reaction that is rare for N-heterocyclic carbenes. Moreover, 
addition of an alkyl lithium reagent results in the generation of a new C−C bond between the 
nucleophile and the carbene carbon, further demonstrating the electrophilic nature of the CDI 
ligand and differentiating it from other Arduengo-type carbenes.  
Additionally, the catalytic properties of these species were explored for both hydrogenation 
and lactide polymerization reactions. Preliminary alkene hydrogenation experiments have shown 
that the (CDI)FeCl2 (4.16) is in fact a suitable catalyst precursor for the reduction of α-olefins. 
The reaction, however, was limited by a lack of substrate scope, in which only mono- and di-
substituted alkenes were hydrogenated.  Furthermore, an active species had to be generated in situ 
by the addition of substoichiometric amounts of Na(Hg), a highly toxic and reactive compound. 
Unfortunately all attempts to isolate a precatalyst that could circumvent the in situ reduction of 
the metal complex were unsuccessful, greatly hampering optimization of the catalytic method.  
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In contrast to the limited nature of the hydrogenation, CDI complexes of iron were active 
catalysts for the ring opening polymerization of lactide. The synthesis of suitable polymerization 
initiators was readily accomplished by salt metathesis of (CDI)FeCl2 (4.16) with different sodium 
aryloxides, generating catalytically active (CDI)Fe(alkoxide)2 species. Room temperature 
reaction with (±)-lactide afforded poly(lactic acid) with good control over polydispersity, as well 
as a linear correlation between conversion and polymer molecular weight. Further research into 
the polymerization capabilities of these novel complexes is still underway.  
In conclusion, coupling bis(imino)-N-heterocylic carbene ligands with a redox active iron 
center leads to complexes that are structurally, electronically, magnetically, and chemically 
unique and interesting. Although challenging at times to handle and characterize due to their 
sensitive and paramagnetic nature, the inherent reactivity and rare characteristics of these new 
complexes makes them fundamentally stimulating and thought-provoking. In preliminary studies, 
they have already proven to be suitable for certain catalytic applications, and as more work is 
done to understand the temperament of such complexes, their popularity and utility will only 





4.6.1 General Considerations 
Unless otherwise stated, all reactions were carried out in oven-dried glassware in a 
nitrogen atmosphere glovebox or using standard Schlenk line techniques.62 Solvents were used 
after passage through a solvent purification system similar to the one reported by Grubbs63 under 
a blanket of argon, and then degassed by briefly exposing the solvent to vacuum. Benzene-d6 was 
purchased from Cambridge Isotope Laboratories and was vacuum distilled from 
Na/benzophenone. CH2D2 was purchased from Cambridge Isotope Laboratories and was vacuum 
distilled from CaH2.  (±)-Lactide was obtained from Purac Biomaterials and was recrystallized 
from ethyl acetate followed by recrystallization from toluene and dried in vacuo prior to 
polymerization. 1,2-dimethoxyethane (unstabilized)  was purchased from Aldrich and was 
vacuum distilled from Na/benzophenone. 
Nuclear Magnetic Resonance (NMR) spectra were recorded at ambient temperature on 
spectrometers operating at 500 MHz for 1H NMR. For paramagnetic complexes, NMR spectra are 
included in the section Error! Reference source not found., however, the chemical shifts were 
not tabulated due to their complex nature. Infrared (IR) spectra were recorded on an ATR infrared 
spectrometer. Infrared spectra for air or water sensitive compounds (iron-containing) were 
recorded in a glove bag filled with nitrogen. Magnetic moments were determined by Evans’ 
method according to the procedure published by Gibson and coworkers.64 High-resolution mass 
spectra were obtained at the Boston College Mass Spectrometry Facility using ESI+ or MALDI 
ionization modes.  
Selected single crystals suitable for X-ray crystallographic analysis were used for 
structural determination. Unless otherwise stated, the X-ray intensity data were measured at 
100(2) K (Oxford Cryostream 700) on a Bruker Kappa APEX Duo diffractometer system 
equipped with a sealed Mo-target X-ray tube ( = 0.71073 Å) and a high brightness IS copper 
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source ( = 1.54178 Å). The crystals were mounted on a goniometer head with paratone oil. The 
detector was placed at a distance of 5.000 cm from the crystal. For each experiment, data 
collection strategy was determined by APEX software package and all frames were collected with 
a scan width of 0.5° in  and  with an exposure time of 10 or 20 s/frame. The frames were 
integrated with the Bruker SAINT Software package using a narrow- frame integration algorithm 
to a maximum 2 angle of 56.54° (0.75 Å resolution) for Mo data and 136.50° (0.83 Å 
resolution) for Cu data. The final cell constants are based upon the refinement of the XYZ-
centroids of several thousand reflections above 20 (I). Analysis of the data showed negligible 
decay during data collection. Data were corrected for absorption effects using the empirical 
method (SADABS). The structures were solved and refined by full-matrix least squares 
procedures on F2 using the Bruker SHELXTL (version 6.12) software package. All hydrogen 
atoms were included in idealized positions for structure factor calculations. Anisotropic 
displacement parameters were assigned to all non-hydrogen atoms, except those disordered. 
Gel permeation chromatography (GPC) was performed on an Agilent GPC220 in THF at 
40 °C with three PL gel columns (10Cm) in series and recorded with a refractive index detector. 
Molecular weights and molecular weight distributions were determined from the signal response 
of the RI detector relative to polystyrene standards.  
4.6.2 Experimental Procedures 
 [N,N-1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]4,5,6-
trihydropyrimid-2-ylidene]FeCl(CH3CN) (4.17). In an inert 
atmosphere glovebox, 4.1635 (100 mg, 0.163 mmol, 1.00 
equiv) was suspended in CH3CN (4.0 mL) and a solution of 
AgSbF6 (56 mg, 0.163 mmol, 1.00 equiv) in CH3CN (4.0 mL) 
was added. The mixture immediately turned bright red and a white precipitate was observed. The 
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mixture was protected from light and allowed to stir for 12 hours at 25 oC. The reaction was 
filtered through Celite and concentrated in vacuo. The crude solid was recrystallized from CH2Cl2 
layered with pentane at −40 oC to deliver dark orange/red crystals of the title compound 4.17 (127 
mg, 91%). Bright red crystals suitable for x-ray crystallography were grown from a vapor 
diffusion of pentane in to a CH2Cl2 solution at −40 oC.  
IR (neat) 2967, 1570, 1483, 1391, 1347, 805, 655 cm-1; HRMS (ESI+) Calcd. for C34H49ClFeN5 
[M]+: 618.3026; Found 618.2993. 
 
 [N,N-1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]4,5,6-
trihydropyrimidyl]FeCl (4.18). In an inert atmosphere glovebox, 
4.1635 (202 mg, 0.329 mmol, 1.00 equiv) was suspended in THF 
(16 mL) and the mixture was cooled to −40 oC. A solution of 
LiBEt3H in THF (0.329 mL, 0.329 mmol, 1.0 M, 1.00 equiv) was 
then added dropwise, and the reaction was allowed to warm to 23 oC. Within minutes of the 
addition, the reaction turned bright green and homogenous. The solution was allowed to stir for 1 
hour, and was then filtered through Celite and concentrated in vacuo to afford a light green solid. 
The crude residue was recrystallized from benzene layered with hexane (1:1 v/v) to afford the 
title compound 4.18 as bright green crystals suitable for x-ray crystallography (114 mg, 60%).  
IR (neat) 1591, 1430, 1288, 1259, 1023, 778, 687 cm-1; μeff = 5.2 μB at 298K (Evans’s method); 
HRMS (ESI+) Calcd. for C32H47Cl1FeN4 [M]+: 578.2839; Found 578.2814. 
 
 [N,N-1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]-2-(2-(trimethylsilyl)methylene)4,5,6-
trihydropyrimidyl]FeCl (4.25). In an inert atmosphere glovebox, 













mL) and the mixture was cooled to −40 oC. A solution of LiCH2TMS in pentane (82 μL, 0.82 
mmol, 1.0 equiv , 1.0 M) was added to the suspension and the mixture was allowed to warm to 23 
oC, during which time the mixture turned from purple to deep red. After 3 hours of stirring, the 
reaction was concentrated in vacuo. The crude red solid was dissolved in benzene, filtered 
through Celite, and layered with hexanes to deliver red/brown crystals of the title compound 4.25 
that were suitable for X-ray crystallography (15 mg, 28 %).  
IR (neat) 2960, 2864, 1554, 1417, 1378, 833, 767, cm-1; HRMS (ESI+) Calcd. for 
C36H56ClFeN4Si [M]+: 663.3312; Found 663.3330. 
 
N,N-1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]4,5,6-trihydropyrimid-2-ylideneiron bis(4-
methoxyphenoxide) (4.36).  In an inert atmosphere glovebox, 4-
methoxyphenol (60.6 mg, 0.489 mmol, 2.00 equiv) was dissolved 
in THF (6.0 mL) and the solution was cooled to −40 oC. A 
suspension of NaH (12.3 mg, 0.513mmol, 2.1 equiv) in THF (6.0 
mL) was then added to the solution and the mixture was allowed to 
warm to 23 oC during which time bubbling was observed and the 
mixture became homogeneous. The solution was stirred for 20 minutes at 23 oC, recooled to −40 
oC, and then added to a suspension of 4.1635 (150 mg, 0.244 mmol, 1.00 equiv) in THF (12.0 mL) 
that was precooled to −40 oC. The reaction mixture was allowed to warm to 23 oC, and after 
approx. 25 minutes the mixture had turned from a purple slurry to a dark red homogenous 
solution. After 2 hours at 23 oC, the solvent was removed in vacuo. The crude dark red solid was 
dissolved in benzene (15 mL), filtered through Celite, and the filtrate was layered with hexane 
(90 mL) to deliver red crystals of the title compound 4.36 (115 mg, 60%). Crystals suitable for X-




IR (neat) 2960, 2824, 1574, 1492, 1222, 1030, 1008, 844, 752, 680 cm-1; HRMS (ESI+) Calc’d. 
for C46H60FeN4O4 [M]+: 788.3964; Found 788.3941. 
 
N,N-1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]4,5,6-
trihydropyrimid-2-ylideneiron bis(4-fluorophenoxide) (4.37).  
In an inert atmosphere glovebox, 4-fluorophenol (54.9 mg, 0.489 
mmol, 2.00 equiv) was dissolved in THF (6.0 mL) and the 
solution was cooled to −40 oC. A suspension of NaH (12.3 mg, 
0.513mmol, 2.1 equiv) in THF (6.0 mL) was then added to the 
solution and the mixture was allowed to warm to 23 oC during which time bubbling was observed 
and the mixture became homogeneous. The solution was stirred for 20 minutes at 23 oC, recooled 
to −40 oC, and then added to a suspension of 4.1635 (150 mg, 0.244 mmol, 1.00 equiv) in THF 
(12.0 mL) that was precooled to −40 oC. The reaction mixture was allowed to warm to 23 oC, and 
after approx. 25 minutes the mixture had turned from a purple slurry to a dark red homogenous 
solution. After 2 hours at 23 oC, the solvent was removed in vacuo. The crude shiny reddish 
purple solid was dissolved in CH2Cl2 (15 mL), filtered through Celite, and the filtrate was layered 
with pentane (30 mL) and cooled to −40 oC to deliver red crystals of the title compound 4.37 (89 
mg, 48%). Crystals suitable for X-ray crystallography were grown from the vapor diffusion of 
pentane into a CH2Cl2 solution at −40 oC.  
IR (neat) 2967, 2868, 1491, 1309, 850, 769, 715 cm-1; HRMS (ESI+) Calc’d. for C44H54F2FeN4O2 
[M]+: 764.3564; Found 764.3527. 
 
General Procedure for the Hydrogenation of Alkenes. In an inert atmosphere glovebox, Hg 
(752 mg, 3.75 mmol, 115 equiv) was weighed into a Fisher-Porter bottle. THF (2.0 mL) was 
added, followed by freshly cut Na metal (3.7 mg, 0.16 mmol, 5.0 equiv). A grey suspension was 
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formed, and the mixture was allowed to stir for 1 hour at 23 oC. The alkene substrates (0.302 
mmol, 9.44 equiv) was then added, followed by a suspension of 4.1635 (20 mg, 0.033 mmol, 1.0 
equiv) in THF (1.2 mL). The vessel was then sealed and removed from the glovebox. The Fisher-
Porter bottle was then pressurized to 20 psi of hydrogen and vented three times. The tube was 
finally pressurized to 80 psi, and after 5 minutes, the mixture turned from purple to an 
orange/brown. After 16 hours at 23 oC, the mixture was decanted off of the Hg into water (10 
mL). The organics were extracted into diethyl ether, dried over Na2SO4, filtered, and 
concentrated.    
General Procedure for the Polymerization of Lactide. In an inert atmosphere glovebox, 4.36 
(5.5 mg, 0.0070 mmol, 1.0 equiv) was weighed into a vial with stirbar and dissolved in 1,2-
dimethoxyethane (1 mL). A solution of (±)-lactide (50 mg, 0.35 mmol, 50 equiv) and 1,3,5-
trimethoxybenzene (10 mg, 0.059 mmol, 8.8 equiv) in 1,2-dimethoxyethane (2 mL) was then 
added and the reaction was stirred at 23 oC. Aliquots were removed periodically from the reaction 
mixture and terminated by exposure to air. Solvent was removed in vacuo and conversion was 
determined by 1H NMR in DMSO-d6 by integrating the carbinol peak of the remaining lactide 
versus the methoxy peak of the 1,3,5-trimethoxybenzene internal standard. The aliquots were also 
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Representative 1H NMR spectrum of poly(lactic acid) in DMSO-d6. 
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A1.1     X-Ray Crystallography Data from Chapter 1 
















Table 1.  Crystal data and structure refinement for C18H24O2, 1.61. 
 
Identification code  C18H24O2 
Empirical formula  C18 H24 O2 
Formula weight  272.37 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P -1 
Unit cell dimensions a = 8.1744(14) Å = 87.925(2)°. 
 b = 8.2642(14) Å = 77.109(2)°. 
 c = 11.2317(19) Å  = 80.284(2)°. 
Volume 729.0(2) Å3 
Z 2 
Density (calculated) 1.241 Mg/m3 
Absorption coefficient 0.079 mm-1 
F(000) 296 
Crystal size 0.16 x 0.12 x 0.08 mm3 
Theta range for data collection 2.50 to 27.00°. 
Index ranges -10<=h<=10, -10<=k<=10, -14<=l<=14 
Reflections collected 8363 
Independent reflections 3168 [R(int) = 0.0233] 
Completeness to theta = 27.00° 99.4 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9937 and 0.9875 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3168 / 24 / 241 
Goodness-of-fit on F2 1.030 
Final R indices [I>2sigma(I)] R1 = 0.0459, wR2 = 0.1143 
R indices (all data) R1 = 0.0538, wR2 = 0.1199 
Extinction coefficient na 
Largest diff. peak and hole 0.408 and -0.178 e.Å-3 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for C18H24O2, 1.61.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
O(1) 7778(1) 9345(1) 8257(1) 20(1) 
O(2) 7471(1) 2092(1) 6683(1) 21(1) 
C(1) 8232(2) 7868(2) 8144(1) 15(1) 
C(2) 9084(2) 7061(2) 6911(1) 13(1) 
C(3) 8252(2) 5540(2) 6762(1) 14(1) 
C(4) 6469(2) 6032(2) 6471(1) 18(1) 
C(5) 5505(2) 4591(2) 6890(2) 26(1) 
C(6) 6650(2) 3376(2) 7528(1) 18(1) 
C(7) 7931(2) 4366(2) 7868(1) 15(1) 
C(8) 7013(2) 5376(2) 9015(1) 18(1) 
C(9) 7964(2) 6746(2) 9235(1) 19(1) 
C(10) 8892(2) 8283(2) 5878(1) 17(1) 
C(11) 11024(2) 6525(2) 6872(1) 15(1) 
C(12) 11932(2) 7861(2) 7170(1) 16(1) 
C(13) 12048(2) 8100(2) 8365(1) 20(1) 
C(14) 12886(2) 9303(2) 8660(1) 24(1) 
C(15) 13626(2) 10297(2) 7748(1) 22(1) 
C(16) 13521(2) 10077(2) 6554(1) 20(1) 
C(17) 12689(2) 8861(2) 6264(1) 18(1) 





Table 3.   Bond lengths [Å] and angles [°] for C18H24O2, 1.61. 
_____________________________________________________
O(1)-C(1)  1.2172(16) 
O(2)-C(6)  1.4229(16) 
O(2)-H(2O)  0.863(14) 
C(1)-C(9)  1.5089(19) 
C(1)-C(2)  1.5251(18) 
C(2)-C(10)  1.5273(17) 
C(2)-C(3)  1.5575(17) 
C(2)-C(11)  1.5635(18) 
C(3)-C(4)  1.5481(18) 
C(3)-C(7)  1.5517(17) 
C(3)-H(3)  1.0000 
C(4)-C(5)  1.540(2) 
C(4)-H(4A)  0.993(13) 
C(4)-H(4B)  0.989(13) 
C(5)-C(6)  1.526(2) 
C(5)-H(5A)  0.986(14) 
C(5)-H(5B)  0.998(14) 
C(6)-C(7)  1.5499(18) 
C(6)-H(6)  1.026(13) 
C(7)-C(18)  1.5279(18) 
C(7)-C(8)  1.5347(18) 
C(8)-C(9)  1.5325(19) 
C(8)-H(8A)  0.997(13) 
C(8)-H(8B)  0.984(13) 
C(9)-H(9A)  0.991(14) 
C(9)-H(9B)  0.974(13) 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(11)-C(12)  1.5154(17) 
C(11)-H(11A)  0.988(13) 
C(11)-H(11B)  0.987(13) 
C(12)-C(17)  1.3900(19) 
C(12)-C(13)  1.391(2) 
C(13)-C(14)  1.387(2) 
C(13)-H(13)  0.964(13) 
C(14)-C(15)  1.386(2) 
C(14)-H(14)  0.954(14) 
C(15)-C(16)  1.383(2) 
C(15)-H(15)  0.936(14) 
C(16)-C(17)  1.3897(19) 
C(16)-H(16)  0.966(13) 
C(17)-H(17)  0.962(13) 
C(18)-H(18A)  0.987(14) 
C(18)-H(18B)  0.973(14) 
































































































Table 4.   Anisotropic displacement parameters  (Å2x 103) for C18H24O2, 1.61.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
O(1) 24(1)  12(1) 23(1)  -4(1) -4(1)  -2(1) 
O(2) 27(1)  12(1) 24(1)  -2(1) -8(1)  -3(1) 
415 
 
C(1) 13(1)  15(1) 18(1)  -2(1) -4(1)  -4(1) 
C(2) 14(1)  11(1) 15(1)  -1(1) -4(1)  -2(1) 
C(3) 14(1)  10(1) 16(1)  -1(1) -5(1)  -2(1) 
C(4) 17(1)  15(1) 26(1)  0(1) -10(1)  -3(1) 
C(5) 19(1)  17(1) 45(1)  0(1) -14(1)  -5(1) 
C(6) 18(1)  12(1) 25(1)  -2(1) -3(1)  -4(1) 
C(7) 16(1)  11(1) 18(1)  0(1) -3(1)  -4(1) 
C(8) 20(1)  15(1) 19(1)  1(1) -1(1)  -4(1) 
C(9) 24(1)  16(1) 16(1)  -3(1) -2(1)  -5(1) 
C(10) 21(1)  14(1) 17(1)  1(1) -4(1)  -3(1) 
C(11) 14(1)  13(1) 18(1)  -1(1) -3(1)  -2(1) 
C(12) 12(1)  14(1) 21(1)  -1(1) -4(1)  -1(1) 
C(13) 19(1)  21(1) 21(1)  2(1) -4(1)  -7(1) 
C(14) 24(1)  27(1) 22(1)  -5(1) -8(1)  -6(1) 
C(15) 18(1)  18(1) 32(1)  -6(1) -6(1)  -6(1) 
C(16) 16(1)  17(1) 27(1)  2(1) -2(1)  -5(1) 
C(17) 16(1)  17(1) 19(1)  -2(1) -3(1)  -2(1) 





 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for C18H24O2, 1.61. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(2O) 7740(20) 1233(19) 7104(15) 31 
H(3) 8999 4880 6057 16 
H(4A) 5850(20) 7039(18) 6930(14) 22 
H(4B) 6550(20) 6260(20) 5593(13) 22 
H(5A) 5270(20) 4060(20) 6188(14) 31 
H(5B) 4402(19) 4970(20) 7473(15) 31 
H(6) 6010(20) 2877(19) 8307(13) 22 
H(8A) 5862(18) 5899(19) 8912(15) 22 
H(8B) 6900(20) 4635(19) 9723(13) 22 
H(9A) 9089(18) 6250(20) 9386(15) 23 
H(9B) 7380(20) 7403(19) 9956(13) 23 
H(10A) 7681 8631 5890 26 
H(10B) 9468 7759 5093 26 
H(10C) 9403 9242 5989 26 
H(11A) 11190(20) 5598(17) 7436(13) 18 
H(11B) 11560(20) 6137(19) 6031(12) 18 
H(13) 11560(20) 7382(19) 8990(14) 24 
H(14) 12940(20) 9450(20) 9490(13) 28 
H(15) 14200(20) 11102(19) 7945(15) 26 
H(16) 14060(20) 10752(19) 5913(14) 24 
H(17) 12660(20) 8710(20) 5424(12) 21 
H(18A) 9140(20) 2258(19) 8623(14) 27 
H(18B) 10190(20) 2710(20) 7338(13) 27 





























































 Table 7.  Hydrogen bonds for C18H24O2  [Å and °], 1.61. 
____________________________________________________________________________  
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
____________________________________________________________________________  
 O(2)-H(2O)...O(1)#1 0.863(14) 1.992(15) 2.8381(14) 166.5(18) 
____________________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  



























Table 1.  Crystal data and structure refinement for sad, 1.100. 
Identification code  C27H32O4 
Empirical formula  C27 H32 O4 
419 
 
Formula weight  420.53 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 21/c 
Unit cell dimensions a = 17.643(4) Å = 90°. 
 b = 7.3199(16) Å = 102.485(3)°. 
 c = 17.362(4) Å  = 90°. 
Volume 2189.1(8) Å3 
Z 4 
Density (calculated) 1.276 Mg/m3 
Absorption coefficient 0.084 mm-1 
F(000) 904 
Crystal size 0.17 x 0.15 x 0.10 mm3 
Theta range for data collection 2.36 to 28.00°. 
Index ranges -23<=h<=22, -9<=k<=9, -22<=l<=22 
Reflections collected 25726 
Independent reflections 5248 [R(int) = 0.0249] 
Completeness to theta = 28.00° 99.2 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9916 and 0.9858 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5248 / 55 / 373 
Goodness-of-fit on F2 1.028 
Final R indices [I>2sigma(I)] R1 = 0.0432, wR2 = 0.1112 
R indices (all data) R1 = 0.0500, wR2 = 0.1169 
Extinction coefficient na 
Largest diff. peak and hole 0.433 and -0.147 e.Å-3 
420 
 
Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for sad, 1.100.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
O(1) 5812(1) 6002(1) 10018(1) 31(1) 
O(2) 5959(1) 8901(1) 10547(1) 37(1) 
O(3) 8568(1) 4899(1) 10494(1) 35(1) 
O(4) 8414(1) 3155(1) 9020(1) 32(1) 
C(1) 5439(1) 7389(2) 10390(1) 38(1) 
C(2) 6682(1) 8138(2) 10573(1) 29(1) 
C(3) 7397(1) 8890(2) 10840(1) 32(1) 
C(4) 8039(1) 7803(2) 10802(1) 32(1) 
C(5) 7942(1) 6037(2) 10500(1) 27(1) 
C(6) 7205(1) 5275(1) 10183(1) 24(1) 
C(7) 6592(1) 6392(2) 10253(1) 25(1) 
C(8) 9254(1) 5136(2) 11112(1) 38(1) 
C(9) 9670(1) 3342(2) 11214(1) 31(1) 
C(10) 10290(1) 2991(3) 10861(1) 51(1) 
C(11) 10643(1) 1272(3) 10945(1) 65(1) 
C(12) 10391(1) -57(3) 11389(1) 58(1) 
C(13) 9793(1) 298(2) 11751(1) 46(1) 
C(14) 9429(1) 1982(2) 11661(1) 35(1) 
C(15) 7096(1) 3385(1) 9823(1) 22(1) 
C(16) 6997(1) 3307(1) 8908(1) 19(1) 
C(17) 7718(1) 4116(1) 8664(1) 24(1) 
C(18) 7649(1) 3998(2) 7776(1) 27(1) 
C(19) 7585(1) 2012(2) 7502(1) 26(1) 
C(20) 6958(1) 901(1) 7781(1) 22(1) 
C(21) 6124(1) 1197(1) 7340(1) 26(1) 
C(22) 5595(1) 611(2) 7878(1) 31(1) 
C(23) 6126(1) 406(2) 8706(1) 26(1) 
C(24) 6914(1) 1259(1) 8657(1) 21(1) 
C(25) 6287(1) 4467(1) 8531(1) 22(1) 
C(26) 7142(1) -1138(2) 7680(1) 32(1) 





Table 3.   Bond lengths [Å] and angles [°] for  sad, 1.100. 
_____________________________________________________ 
O(1)-C(7)  1.3785(15) 
O(1)-C(1)  1.4367(15) 
O(2)-C(2)  1.3847(16) 
O(2)-C(1)  1.4254(18) 
O(3)-C(5)  1.3845(14) 
O(3)-C(8)  1.4432(15) 
O(4)-C(17)  1.4331(14) 
O(4)-H(4O)  0.863(14) 
C(1)-H(1A)  0.995(13) 
C(1)-H(1B)  1.000(13) 
C(2)-C(3)  1.3621(19) 
C(2)-C(7)  1.3893(15) 
C(3)-C(4)  1.3979(19) 
C(3)-H(3)  0.970(13) 
C(4)-C(5)  1.3917(16) 
C(4)-H(4)  0.9500 
C(5)-C(6)  1.4127(17) 
C(6)-C(7)  1.3807(16) 
C(6)-C(15)  1.5133(14) 
C(8)-C(9)  1.4961(18) 
C(8)-H(8A)  1.004(13) 
C(8)-H(8B)  0.991(13) 
C(9)-C(14)  1.3849(19) 
C(9)-C(10)  1.389(2) 
C(10)-C(11)  1.397(3) 
C(10)-H(10)  0.940(15) 
C(11)-C(12)  1.374(3) 
C(11)-H(11)  0.944(16) 
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C(12)-C(13)  1.365(3) 
C(12)-H(12)  0.974(15) 
C(13)-C(14)  1.383(2) 
C(13)-H(13)  0.976(14) 
C(14)-H(14)  0.967(13) 
C(15)-C(16)  1.5609(14) 
C(15)-H(15A)  0.978(12) 
C(15)-H(15B)  0.993(12) 
C(16)-C(25)  1.5375(14) 
C(16)-C(17)  1.5437(15) 
C(16)-C(24)  1.5589(13) 
C(17)-C(18)  1.5227(16) 
C(17)-H(17)  1.005(12) 
C(18)-C(19)  1.5260(15) 
C(18)-H(18A)  0.981(12) 
C(18)-H(18B)  0.988(12) 
C(19)-C(20)  1.5328(16) 
C(19)-H(19A)  1.006(12) 
C(19)-H(19B)  1.002(12) 
C(20)-C(21)  1.5200(16) 
C(20)-C(26)  1.5461(15) 
C(20)-C(24)  1.5604(14) 
C(21)-C(27)  1.3230(17) 
C(21)-C(22)  1.5183(17) 
C(22)-C(23)  1.5447(17) 
C(22)-H(22A)  0.984(13) 
C(22)-H(22B)  0.985(13) 
C(23)-C(24)  1.5439(16) 
C(23)-H(23A)  0.993(12) 
C(23)-H(23B)  0.988(12) 
C(24)-H(24)  0.992(12) 
C(25)-H(25A)  0.984(13) 
C(25)-H(25B)  0.983(12) 
C(25)-H(25C)  1.004(12) 
C(26)-H(26A)  0.973(14) 
C(26)-H(26B)  0.989(14) 
C(26)-H(26C)  0.987(14) 
C(27)-H(27A)  0.976(13) 
































































































































Symmetry transformations used to generate equivalent atoms:  
 
 
Table 4.   Anisotropic displacement parameters  (Å2x 103) for sad, 1.100.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
O(1) 32(1)  35(1) 30(1)  -8(1) 11(1)  4(1) 
O(2) 49(1)  32(1) 32(1)  -4(1) 14(1)  11(1) 
O(3) 31(1)  37(1) 32(1)  -10(1) -7(1)  6(1) 
O(4) 25(1)  40(1) 31(1)  -7(1) 4(1)  3(1) 
C(1) 41(1)  42(1) 34(1)  -8(1) 14(1)  8(1) 
C(2) 45(1)  24(1) 18(1)  1(1) 9(1)  8(1) 
C(3) 54(1)  20(1) 22(1)  -2(1) 6(1)  0(1) 
C(4) 42(1)  26(1) 25(1)  -3(1) 0(1)  -6(1) 
C(5) 34(1)  25(1) 20(1)  -1(1) 1(1)  2(1) 
C(6) 33(1)  21(1) 16(1)  0(1) 4(1)  1(1) 
C(7) 34(1)  26(1) 16(1)  -1(1) 6(1)  1(1) 
C(8) 34(1)  34(1) 37(1)  -4(1) -9(1)  -3(1) 
C(9) 23(1)  38(1) 29(1)  -4(1) -3(1)  -1(1) 
C(10) 32(1)  77(1) 44(1)  5(1) 10(1)  1(1) 
C(11) 34(1)  100(1) 62(1)  -17(1) 9(1)  22(1) 
C(12) 43(1)  56(1) 62(1)  -17(1) -14(1)  20(1) 
C(13) 42(1)  38(1) 50(1)  -1(1) -13(1)  0(1) 
C(14) 29(1)  38(1) 36(1)  -2(1) 3(1)  -1(1) 
C(15) 30(1)  19(1) 17(1)  0(1) 4(1)  1(1) 
C(16) 25(1)  16(1) 16(1)  0(1) 5(1)  1(1) 
C(17) 26(1)  22(1) 24(1)  -2(1) 7(1)  -1(1) 
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C(18) 32(1)  25(1) 27(1)  0(1) 13(1)  -3(1) 
C(19) 31(1)  26(1) 23(1)  -2(1) 11(1)  1(1) 
C(20) 31(1)  18(1) 19(1)  -2(1) 7(1)  2(1) 
C(21) 32(1)  22(1) 23(1)  -4(1) 5(1)  -2(1) 
C(22) 31(1)  33(1) 28(1)  -2(1) 5(1)  -8(1) 
C(23) 35(1)  22(1) 23(1)  0(1) 9(1)  -5(1) 
C(24) 28(1)  16(1) 18(1)  0(1) 5(1)  2(1) 
C(25) 27(1)  20(1) 21(1)  0(1) 5(1)  4(1) 
C(26) 48(1)  21(1) 29(1)  -4(1) 11(1)  4(1) 




Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for sad, 1.100. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(4O) 8539(10) 3500(20) 9506(9) 49 
H(1A) 4953(8) 7780(20) 10022(9) 45 
H(1B) 5357(9) 6890(20) 10902(8) 45 
H(3) 7465(9) 10113(18) 11060(9) 39 
H(4) 8548 8275 10984 38 
H(8A) 9086(9) 5510(20) 11606(9) 45 
H(8B) 9580(9) 6120(20) 10961(10) 45 
H(10) 10464(11) 3920(20) 10565(11) 61 
H(11) 11072(11) 1090(30) 10709(13) 79 
H(12) 10639(11) -1250(20) 11435(12) 69 
H(13) 9636(10) -660(20) 12075(10) 56 
H(14) 8991(8) 2200(20) 11901(9) 42 
H(15A) 6636(7) 2832(18) 9954(8) 27 
H(15B) 7546(7) 2616(18) 10073(8) 27 
H(17) 7777(8) 5426(17) 8841(8) 29 
H(18A) 8113(8) 4556(19) 7651(9) 32 
H(18B) 7196(8) 4733(19) 7515(8) 32 
H(19A) 8096(7) 1384(19) 7703(9) 31 
H(19B) 7487(8) 1941(19) 6913(7) 31 
H(22A) 5328(8) -538(19) 7692(9) 37 
H(22B) 5180(8) 1510(20) 7872(9) 37 
H(23A) 5896(8) 992(18) 9118(8) 31 
H(23B) 6195(8) -902(17) 8845(8) 31 
H(24) 7344(7) 576(17) 9000(8) 25 
H(25A) 6160(8) 4390(20) 7952(7) 34 
H(25B) 6393(8) 5760(17) 8666(9) 34 
H(25C) 5804(8) 4154(19) 8720(9) 34 
H(26A) 7190(10) -1370(20) 7140(9) 48 
H(26B) 6727(9) -1940(20) 7790(10) 48 
H(26C) 7638(8) -1470(20) 8037(10) 48 
H(27A) 5329(8) 1950(20) 6376(9) 43 





















































































Symmetry transformations used to generate equivalent atoms:  
 
 
 Table 7.  Hydrogen bonds for sad, 1.100  [Å and °]. 
____________________________________________________________________________  
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
____________________________________________________________________________  
 O(4)-H(4O)...O(3) 0.863(14) 1.989(15) 2.8202(13) 161.4(16) 
____________________________________________________________________________  

























Table 1.  Crystal data and structure refinement for C21H29ClO3, 1.110. 
Identification code  C21H29ClO3 
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Empirical formula  C21 H29 Cl O3 
Formula weight  364.89 
Temperature  143(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 7.6944(4) Å = 90°. 
 b = 19.9366(11) Å = 98.290(2)°. 
 c = 12.1637(7) Å  = 90°. 
Volume 1846.42(18) Å3 
Z 4 
Density (calculated) 1.313 Mg/m3 
Absorption coefficient 0.224 mm-1 
F(000) 784 
Crystal size 0.13 x 0.05 x 0.03 mm3 
Theta range for data collection 1.98 to 28.28°. 
Index ranges -10<=h<=10, -26<=k<=26, -16<=l<=16 
Reflections collected 29305 
Independent reflections 4583 [R(int) = 0.0305] 
Completeness to theta = 28.28° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9933 and 0.9714 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4583 / 0 / 231 
Goodness-of-fit on F2 1.021 
Final R indices [I>2sigma(I)] R1 = 0.0366, wR2 = 0.0840 
R indices (all data) R1 = 0.0521, wR2 = 0.0918 
Extinction coefficient na 
Largest diff. peak and hole 0.331 and -0.217 e.Å-3 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for C21H29ClO3, 1.110.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Cl(1) 11743(1) 3756(1) -1137(1) 26(1) 
O(1) 13371(1) 4529(1) 678(1) 25(1) 
O(2) 8389(1) 4536(1) 2701(1) 30(1) 
O(3) 8573(1) 503(1) -679(1) 28(1) 
C(1) 10764(2) 3949(1) 30(1) 19(1) 
C(2) 11719(2) 4356(1) 840(1) 19(1) 
C(3) 10970(2) 4557(1) 1762(1) 20(1) 
C(4) 9264(2) 4359(1) 1841(1) 21(1) 
C(5) 8326(2) 3957(1) 1034(1) 21(1) 
C(6) 9066(2) 3730(1) 123(1) 19(1) 
C(7) 8003(2) 3284(1) -733(1) 20(1) 
C(8) 7812(2) 2525(1) -443(1) 18(1) 
C(9) 9683(2) 2206(1) -231(1) 19(1) 
C(10) 10482(2) 2082(1) -1316(1) 24(1) 
C(11) 9954(2) 1361(1) -1681(1) 26(1) 
C(12) 9314(2) 1040(1) -686(1) 22(1) 
C(13) 9783(2) 1501(1) 315(1) 21(1) 
C(14) 8657(2) 1404(1) 1233(1) 25(1) 
C(15) 6832(2) 1699(1) 940(1) 23(1) 
C(16) 6900(2) 2437(1) 608(1) 20(1) 
C(17) 14249(2) 5036(1) 1386(1) 25(1) 
C(18) 9300(2) 4927(1) 3577(1) 29(1) 
C(19) 6636(2) 2226(1) -1463(1) 22(1) 
C(20) 11701(2) 1318(1) 777(1) 30(1) 




Table 3.   Bond lengths [Å] and angles [°] for  C21H29ClO3, 1.110. 
_____________________________________________________ 
 
Cl(1)-C(1)  1.7432(13) 
O(1)-C(2)  1.3586(16) 
O(1)-C(17)  1.4330(16) 
O(2)-C(4)  1.3694(16) 
O(2)-C(18)  1.4209(17) 
O(3)-C(12)  1.2127(16) 
C(1)-C(6)  1.3974(19) 
C(1)-C(2)  1.3998(18) 
C(2)-C(3)  1.3918(18) 
C(3)-C(4)  1.3870(19) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.3868(18) 
C(5)-C(6)  1.3922(18) 
C(5)-H(5)  0.9500 
C(6)-C(7)  1.5151(18) 
C(7)-C(8)  1.5666(18) 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
C(8)-C(19)  1.5452(17) 
C(8)-C(16)  1.5541(18) 
C(8)-C(9)  1.5607(18) 
C(9)-C(13)  1.5533(18) 
C(9)-C(10)  1.5534(19) 
C(9)-H(9)  1.0000 
C(10)-C(11)  1.5420(19) 
C(10)-H(10A)  0.9900 
C(10)-H(10B)  0.9900 
C(11)-C(12)  1.513(2) 
C(11)-H(11A)  0.9900 
C(11)-H(11B)  0.9900 
C(12)-C(13)  1.5264(19) 
C(13)-C(14)  1.5203(19) 
C(13)-C(20)  1.5454(19) 
C(14)-C(15)  1.516(2) 
C(14)-H(14A)  0.9900 
C(14)-H(14B)  0.9900 
C(15)-C(16)  1.5295(19) 
C(15)-H(15A)  0.9900 
C(15)-H(15B)  0.9900 
C(16)-C(21)  1.5340(19) 
C(16)-H(16)  1.0000 
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C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-H(19A)  0.9800 
C(19)-H(19B)  0.9800 
C(19)-H(19C)  0.9800 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-H(21A)  0.9800 
C(21)-H(21B)  0.9800 















































































































Symmetry transformations used to generate equivalent atoms:  
  
Table 4.   Anisotropic displacement parameters  (Å2x 103) for C21H29ClO3, 1.110.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Cl(1) 33(1)  25(1) 22(1)  -4(1) 10(1)  -5(1) 
O(1) 22(1)  27(1) 29(1)  -7(1) 8(1)  -8(1) 
O(2) 26(1)  38(1) 28(1)  -15(1) 10(1)  -8(1) 
O(3) 27(1)  17(1) 38(1)  -1(1) -2(1)  -3(1) 
C(1) 25(1)  17(1) 17(1)  1(1) 5(1)  0(1) 
C(2) 19(1)  16(1) 23(1)  2(1) 4(1)  -1(1) 
C(3) 22(1)  18(1) 21(1)  -2(1) 1(1)  -2(1) 
C(4) 22(1)  20(1) 21(1)  -2(1) 4(1)  0(1) 
C(5) 19(1)  19(1) 26(1)  -2(1) 3(1)  -2(1) 
C(6) 23(1)  14(1) 19(1)  1(1) 0(1)  0(1) 
C(7) 25(1)  16(1) 19(1)  0(1) -2(1)  -1(1) 
C(8) 20(1)  16(1) 17(1)  0(1) -1(1)  -2(1) 
C(9) 19(1)  16(1) 21(1)  -1(1) 0(1)  -3(1) 
C(10) 25(1)  22(1) 26(1)  -3(1) 6(1)  -4(1) 
C(11) 26(1)  22(1) 29(1)  -7(1) 6(1)  -2(1) 
C(12) 17(1)  18(1) 31(1)  -1(1) -1(1)  3(1) 
C(13) 21(1)  16(1) 25(1)  1(1) -1(1)  -1(1) 
C(14) 29(1)  21(1) 23(1)  5(1) 0(1)  -2(1) 
C(15) 26(1)  23(1) 22(1)  2(1) 5(1)  -4(1) 
C(16) 20(1)  19(1) 20(1)  -2(1) 1(1)  -2(1) 
C(17) 23(1)  21(1) 30(1)  -1(1) 3(1)  -7(1) 
C(18) 27(1)  34(1) 25(1)  -12(1) 3(1)  3(1) 
C(19) 24(1)  20(1) 22(1)  -1(1) -3(1)  -2(1) 
C(20) 23(1)  24(1) 39(1)  2(1) -6(1)  1(1) 





Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for C21H29ClO3. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(3) 11614 4824 2326 25 
H(5) 7154 3834 1103 26 
H(7A) 8537 3310 -1426 25 
H(7B) 6808 3477 -898 25 
H(9) 10478 2516 255 23 
H(10A) 10007 2408 -1897 28 
H(10B) 11776 2127 -1176 28 
H(11A) 9011 1365 -2327 31 
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H(11B) 10975 1113 -1886 31 
H(14A) 8555 919 1382 29 
H(14B) 9246 1619 1921 29 
H(15A) 6194 1657 1588 28 
H(15B) 6178 1441 319 28 
H(16) 7637 2676 1231 24 
H(17A) 14490 4866 2149 37 
H(17B) 13501 5435 1368 37 
H(17C) 15358 5154 1127 37 
H(18A) 9630 5359 3282 43 
H(18B) 10360 4688 3909 43 
H(18C) 8538 5004 4144 43 
H(19A) 5496 2454 -1566 34 
H(19B) 6463 1746 -1343 34 
H(19C) 7205 2288 -2127 34 
H(20A) 11739 866 1097 44 
H(20B) 12162 1641 1354 44 
H(20C) 12419 1331 174 44 
H(21A) 4636 2722 1232 40 
H(21B) 4248 2473 -31 40 




















































































Table 1.  Crystal data and structure refinement for C21H29ClO3, 1.111. 
Identification code  C21H29ClO3 
Empirical formula  C21 H29 Cl O3 
Formula weight  364.89 
Temperature  143(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c 
Unit cell dimensions a = 17.3130(12) Å = 90°. 
 b = 7.2226(5) Å = 101.394(3)°. 
 c = 15.0735(11) Å  = 90°. 
Volume 1847.7(2) Å3 
Z 4 
Density (calculated) 1.312 Mg/m3 
Absorption coefficient 0.224 mm-1 
F(000) 784 
Crystal size 0.15 x 0.12 x 0.08 mm3 
Theta range for data collection 2.40 to 28.00°. 
Index ranges -22<=h<=20, -8<=k<=9, -17<=l<=19 
Reflections collected 26894 
Independent reflections 4435 [R(int) = 0.0200] 
Completeness to theta = 28.00° 99.5 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9823 and 0.9672 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4435 / 0 / 231 
Goodness-of-fit on F2 1.039 
Final R indices [I>2sigma(I)] R1 = 0.0330, wR2 = 0.0908 
R indices (all data) R1 = 0.0355, wR2 = 0.0930 
Extinction coefficient na 
Largest diff. peak and hole 0.344 and -0.266 e.Å-3 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for C21H29ClO3, 1.111.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Cl(1) 4508(1) 6621(1) 10743(1) 27(1) 
O(1) 4403(1) 3107(1) 11520(1) 26(1) 
O(2) 1637(1) 2254(1) 10639(1) 25(1) 
O(3) 85(1) 8494(1) 6962(1) 39(1) 
C(1) 3631(1) 5405(1) 10664(1) 20(1) 
C(2) 3675(1) 3667(1) 11094(1) 20(1) 
C(3) 2994(1) 2645(1) 11066(1) 21(1) 
C(4) 2274(1) 3369(1) 10624(1) 20(1) 
C(5) 2231(1) 5085(1) 10207(1) 19(1) 
C(6) 2917(1) 6124(1) 10207(1) 18(1) 
C(7) 2858(1) 7988(1) 9742(1) 18(1) 
C(8) 2839(1) 7974(1) 8700(1) 17(1) 
C(9) 3007(1) 9966(1) 8390(1) 21(1) 
C(10) 2317(1) 11278(1) 8402(1) 24(1) 
C(11) 1567(1) 10611(2) 7781(1) 24(1) 
C(12) 1325(1) 8661(2) 8049(1) 20(1) 
C(13) 756(1) 7952(2) 7208(1) 27(1) 
C(14) 1163(1) 6530(2) 6732(1) 33(1) 
C(15) 2034(1) 6688(2) 7172(1) 25(1) 
C(16) 2029(1) 7290(1) 8157(1) 18(1) 
C(17) 4470(1) 1305(2) 11916(1) 28(1) 
C(18) 882(1) 2956(2) 10224(1) 30(1) 
C(19) 3484(1) 6661(2) 8502(1) 23(1) 
C(20) 3771(1) 10832(2) 8913(1) 29(1) 





Table 3.   Bond lengths [Å] and angles [°] for  C21H29ClO3, 1.111. 
_____________________________________________________ 
Cl(1)-C(1)  1.7381(10) 
O(1)-C(2)  1.3585(13) 
O(1)-C(17)  1.4269(13) 
O(2)-C(4)  1.3696(12) 
O(2)-C(18)  1.4256(14) 
O(3)-C(13)  1.2120(15) 
C(1)-C(6)  1.3905(14) 
C(1)-C(2)  1.4078(14) 
C(2)-C(3)  1.3836(14) 
C(3)-C(4)  1.3943(15) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.3848(14) 
C(5)-C(6)  1.4051(14) 
C(5)-H(5)  0.9500 
C(6)-C(7)  1.5119(14) 
C(7)-C(8)  1.5652(13) 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
C(8)-C(19)  1.5377(13) 
C(8)-C(9)  1.5571(13) 
C(8)-C(16)  1.5579(13) 
C(9)-C(10)  1.5271(15) 
C(9)-C(20)  1.5343(15) 
C(9)-H(9)  1.0000 
C(10)-C(11)  1.5199(15) 
C(10)-H(10A)  0.9900 
C(10)-H(10B)  0.9900 
C(11)-C(12)  1.5453(15) 
C(11)-H(11A)  0.9900 
C(11)-H(11B)  0.9900 
C(12)-C(21)  1.5271(14) 
C(12)-C(13)  1.5323(15) 
C(12)-C(16)  1.5539(14) 
C(13)-C(14)  1.5053(18) 
C(14)-C(15)  1.5266(17) 
C(14)-H(14A)  0.9900 
C(14)-H(14B)  0.9900 
C(15)-C(16)  1.5481(14) 
C(15)-H(15A)  0.9900 
C(15)-H(15B)  0.9900 
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C(16)-H(16)  1.0000 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-H(19A)  0.9800 
C(19)-H(19B)  0.9800 
C(19)-H(19C)  0.9800 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-H(21A)  0.9800 
C(21)-H(21B)  0.9800 



















































































































Table 4.   Anisotropic displacement parameters  (Å2x 103) for C21H29ClO3, 1.111.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Cl(1) 20(1)  26(1) 33(1)  5(1) -3(1)  -7(1) 
O(1) 22(1)  25(1) 30(1)  8(1) -1(1)  1(1) 
O(2) 21(1)  28(1) 26(1)  4(1) 5(1)  -6(1) 
O(3) 25(1)  51(1) 37(1)  2(1) -7(1)  -2(1) 
C(1) 19(1)  20(1) 19(1)  -1(1) 2(1)  -4(1) 
C(2) 21(1)  21(1) 18(1)  0(1) 2(1)  1(1) 
C(3) 25(1)  20(1) 18(1)  2(1) 6(1)  -1(1) 
C(4) 21(1)  23(1) 16(1)  -2(1) 6(1)  -5(1) 
C(5) 18(1)  23(1) 16(1)  -1(1) 4(1)  0(1) 
C(6) 21(1)  18(1) 15(1)  -2(1) 4(1)  -1(1) 
C(7) 20(1)  17(1) 18(1)  -1(1) 2(1)  0(1) 
C(8) 17(1)  16(1) 18(1)  -1(1) 5(1)  -1(1) 
C(9) 21(1)  18(1) 23(1)  1(1) 6(1)  -4(1) 
C(10) 27(1)  16(1) 28(1)  1(1) 5(1)  -1(1) 
C(11) 25(1)  22(1) 25(1)  4(1) 3(1)  2(1) 
C(12) 18(1)  24(1) 18(1)  1(1) 2(1)  -1(1) 
C(13) 25(1)  33(1) 22(1)  3(1) 0(1)  -7(1) 
C(14) 34(1)  40(1) 23(1)  -8(1) 0(1)  -7(1) 
C(15) 29(1)  28(1) 19(1)  -5(1) 6(1)  -3(1) 
C(16) 20(1)  18(1) 16(1)  -1(1) 4(1)  -2(1) 
C(17) 32(1)  24(1) 26(1)  5(1) 2(1)  5(1) 
C(18) 20(1)  37(1) 31(1)  2(1) 4(1)  -6(1) 
C(19) 22(1)  23(1) 25(1)  -2(1) 8(1)  2(1) 
C(20) 24(1)  26(1) 35(1)  1(1) 6(1)  -9(1) 





Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for C21H29ClO3, 1.111. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(3) 3018 1462 11345 25 
H(5) 1734 5564 9919 23 
H(7A) 3311 8751 10037 22 
H(7B) 2374 8609 9846 22 
H(9) 3066 9867 7745 25 
438 
 
H(10A) 2224 11377 9027 28 
H(10B) 2452 12525 8207 28 
H(11A) 1650 10581 7150 29 
H(11B) 1136 11494 7809 29 
H(14A) 1081 6797 6076 40 
H(14B) 962 5272 6817 40 
H(15A) 2300 7624 6859 30 
H(15B) 2305 5483 7160 30 
H(16) 1880 6176 8480 21 
H(17A) 4138 1229 12372 41 
H(17B) 5020 1072 12204 41 
H(17C) 4298 376 11445 41 
H(18A) 775 4095 10532 44 
H(18B) 478 2032 10270 44 
H(18C) 876 3224 9586 44 
H(19A) 3338 5379 8605 35 
H(19B) 3985 6958 8904 35 
H(19C) 3538 6809 7871 35 
H(20A) 3921 11879 8569 43 
H(20B) 4192 9903 9002 43 
H(20C) 3690 11269 9504 43 
H(21A) 401 9460 8651 41 
H(21B) 1225 9381 9352 41 




















































































Table 1.  Crystal data and structure refinement for C21H29ClO3, 1.129. 
Identification code  C21H29ClO3 
Empirical formula  C21 H29 Cl O3 
Formula weight  364.89 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P21 21 21 
Unit cell dimensions a = 6.2158(2) Å = 90°. 
 b = 17.1818(6) Å = 90°. 
 c = 17.4117(6) Å  = 90°. 
Volume 1859.55(11) Å3 
Z 4 
Density (calculated) 1.303 Mg/m3 
Absorption coefficient 0.223 mm-1 
F(000) 784 
Crystal size 0.18 x 0.15 x 0.06 mm3 
Theta range for data collection 1.67 to 28.42°. 
Index ranges -8<=h<=8, -22<=k<=22, -22<=l<=23 
Reflections collected 38202 
Independent reflections 4688 [R(int) = 0.0246] 
Completeness to theta = 28.42° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9868 and 0.9610 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4688 / 3 / 236 
Goodness-of-fit on F2 1.040 
Final R indices [I>2sigma(I)] R1 = 0.0279, wR2 = 0.0747 
R indices (all data) R1 = 0.0297, wR2 = 0.0760 
Absolute structure parameter 0.00(4) 
Extinction coefficient na 
Largest diff. peak and hole 0.271 and -0.220 e.Å-3 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for C21H29ClO3, 1.129.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Cl(1) 1081(1) 8835(1) 4408(1) 24(1) 
O(1) -2712(1) 11741(1) 5535(1) 18(1) 
O(2) 912(2) 11211(1) 6155(1) 17(1) 
O(3) 555(2) 7588(1) 8172(1) 23(1) 
C(1) -69(2) 9698(1) 4754(1) 18(1) 
C(2) -1915(2) 9958(1) 4394(1) 20(1) 
C(3) -2881(2) 10643(1) 4644(1) 19(1) 
C(4) -1939(2) 11058(1) 5237(1) 16(1) 
C(5) -46(2) 10791(1) 5587(1) 15(1) 
C(6) 894(2) 10083(1) 5374(1) 14(1) 
C(7) -4554(2) 12075(1) 5163(1) 22(1) 
C(8) 2736(2) 9743(1) 5831(1) 14(1) 
C(9) 2044(2) 9307(1) 6589(1) 13(1) 
C(10) 3626(2) 8609(1) 6725(1) 14(1) 
C(11) 3566(2) 7968(1) 6103(1) 21(1) 
C(12) 1739(2) 7371(1) 6172(1) 26(1) 
C(13) 1567(2) 7021(1) 6979(1) 26(1) 
C(14) 1713(2) 7624(1) 7608(1) 19(1) 
C(15) 3503(2) 8228(1) 7544(1) 16(1) 
C(16) 3328(2) 8831(1) 8190(1) 20(1) 
C(17) 1657(2) 9458(1) 8035(1) 20(1) 
C(18) 2141(2) 9886(1) 7280(1) 16(1) 
C(19) -304(2) 9027(1) 6516(1) 16(1) 
C(20) 5591(2) 7754(1) 7695(1) 24(1) 





Table 3.   Bond lengths [Å] and angles [°] for  C21H29ClO3, 1.129. 
_____________________________________________________ 
Cl(1)-C(1)  1.7531(13) 
O(1)-C(4)  1.3698(15) 
O(1)-C(7)  1.4349(15) 
O(2)-C(5)  1.3616(15) 
O(2)-H(2O)  0.813(14) 
O(3)-C(14)  1.2183(17) 
C(1)-C(2)  1.3822(19) 
C(1)-C(6)  1.4011(17) 
C(2)-C(3)  1.3912(19) 
C(2)-H(2)  0.9500 
C(3)-C(4)  1.3853(18) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.4018(17) 
C(5)-C(6)  1.3987(16) 
C(6)-C(8)  1.5119(17) 
C(7)-H(7A)  0.9800 
C(7)-H(7B)  0.9800 
C(7)-H(7C)  0.9800 
C(8)-C(9)  1.5770(16) 
C(8)-H(8A)  0.9900 
C(8)-H(8B)  0.9900 
C(9)-C(19)  1.5418(17) 
C(9)-C(18)  1.5610(17) 
C(9)-C(10)  1.5694(16) 
C(10)-C(11)  1.5452(18) 
C(10)-C(15)  1.5700(17) 
C(10)-H(10)  1.025(13) 
C(11)-C(12)  1.535(2) 
C(11)-H(11A)  0.9900 
C(11)-H(11B)  0.9900 
C(12)-C(13)  1.533(2) 
C(12)-H(12A)  0.9900 
C(12)-H(12B)  0.9900 
C(13)-C(14)  1.510(2) 
C(13)-H(13A)  0.9900 
C(13)-H(13B)  0.9900 
C(14)-C(15)  1.5265(17) 
C(15)-C(16)  1.5329(19) 
C(15)-C(20)  1.5548(18) 
C(16)-C(17)  1.5200(19) 
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C(16)-H(16A)  0.9900 
C(16)-H(16B)  0.9900 
C(17)-C(18)  1.5359(17) 
C(17)-H(17A)  0.9900 
C(17)-H(17B)  0.9900 
C(18)-C(21)  1.5385(18) 
C(18)-H(18)  0.967(13) 
C(19)-H(19A)  0.9800 
C(19)-H(19B)  0.9800 
C(19)-H(19C)  0.9800 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-H(21A)  0.9800 
C(21)-H(21B)  0.9800 















































































































Symmetry transformations used to generate equivalent atoms:  
 
 
Table 4.   Anisotropic displacement parameters  (Å2x 103) for C21H29ClO3, 1.129.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Cl(1) 40(1)  16(1) 18(1)  -5(1) -4(1)  3(1) 
O(1) 17(1)  18(1) 19(1)  0(1) -4(1)  4(1) 
O(2) 18(1)  14(1) 19(1)  -5(1) -4(1)  3(1) 
O(3) 16(1)  24(1) 29(1)  13(1) 2(1)  0(1) 
C(1) 26(1)  12(1) 15(1)  -1(1) 2(1)  -1(1) 
C(2) 27(1)  19(1) 14(1)  0(1) -4(1)  -5(1) 
C(3) 20(1)  21(1) 17(1)  2(1) -4(1)  -2(1) 
C(4) 17(1)  15(1) 15(1)  2(1) 1(1)  -2(1) 
C(5) 17(1)  15(1) 12(1)  1(1) 0(1)  -3(1) 
C(6) 18(1)  14(1) 12(1)  1(1) 0(1)  -2(1) 
C(7) 18(1)  24(1) 24(1)  2(1) -5(1)  6(1) 
C(8) 14(1)  13(1) 14(1)  1(1) 2(1)  1(1) 
C(9) 13(1)  12(1) 13(1)  2(1) 2(1)  0(1) 
C(10) 14(1)  12(1) 17(1)  2(1) 1(1)  2(1) 
C(11) 26(1)  15(1) 22(1)  0(1) 1(1)  4(1) 
C(12) 30(1)  15(1) 32(1)  -3(1) -4(1)  1(1) 
C(13) 25(1)  15(1) 39(1)  2(1) 2(1)  -4(1) 
C(14) 14(1)  16(1) 27(1)  8(1) -2(1)  2(1) 
C(15) 12(1)  17(1) 20(1)  6(1) 0(1)  0(1) 
C(16) 20(1)  22(1) 17(1)  5(1) -1(1)  -2(1) 
C(17) 24(1)  21(1) 14(1)  1(1) 4(1)  -1(1) 
C(18) 19(1)  15(1) 13(1)  0(1) 2(1)  0(1) 
C(19) 13(1)  17(1) 19(1)  4(1) 1(1)  -1(1) 
C(20) 15(1)  27(1) 30(1)  11(1) 0(1)  3(1) 





Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for C21H29ClO3, 1.129. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(2O) 250(30) 11610(9) 6240(10) 26 
H(2) -2518 9672 3979 24 
H(3) -4170 10824 4412 23 
H(7A) -4266 12128 4612 33 
H(7B) -4851 12588 5383 33 
H(7C) -5803 11735 5240 33 
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H(8A) 3738 10168 5969 17 
H(8B) 3529 9373 5500 17 
H(10) 5140(20) 8844(9) 6683(9) 17 
H(11A) 3455 8223 5595 25 
H(11B) 4952 7685 6116 25 
H(12A) 360 7626 6039 31 
H(12B) 1985 6947 5797 31 
H(13A) 180 6742 7026 32 
H(13B) 2735 6636 7050 32 
H(16A) 2954 8561 8674 24 
H(16B) 4748 9082 8262 24 
H(17A) 1652 9836 8464 24 
H(17B) 212 9218 8006 24 
H(18) 990(20) 10256(9) 7205(9) 19 
H(19A) -729 8758 6988 25 
H(19B) -425 8670 6079 25 
H(19C) -1248 9476 6433 25 
H(20A) 5512 7513 8204 36 
H(20B) 6837 8103 7673 36 
H(20C) 5738 7348 7303 36 
H(21A) 4179 10689 7801 31 
H(21B) 4483 10656 6889 31 





































































Symmetry transformations used to generate equivalent atoms:  
  
 
Table 7.  Hydrogen bonds for C21H29ClO3, 1.129  [Å and °]. 
____________________________________________________________________________  
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
____________________________________________________________________________  
 O(2)-H(2O)...O(3)#1 0.813(14) 2.031(15) 2.7939(13) 156.0(18) 
 O(2)-H(2O)...O(1) 0.813(14) 2.223(18) 2.6586(13) 113.9(15) 
____________________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  




A1.2     X-Ray Crystallography Data from Chapter 2 





Table 1.  Crystal data and structure refinement for sad, 2.33. 
Identification code  C31H42Br2FeN4 
Empirical formula  C36 H54 Br2 Fe N4 
Formula weight  758.50 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 10.7168(4) Å = 90°. 
 b = 23.5163(10) Å = 106.566(2)°. 
 c = 15.8772(6) Å  = 90°. 
Volume 3835.3(3) Å3 
Z 4 
Density (calculated) 1.314 Mg/m3 
Absorption coefficient 5.795 mm-1 
F(000) 1576 
Crystal size 0.16 x 0.08 x 0.05 mm3 
Theta range for data collection 3.46 to 66.17°. 
Index ranges -12<=h<=12, -22<=k<=27, -18<=l<=18 
Reflections collected 45846 
Independent reflections 6541 [R(int) = 0.0440] 
Completeness to theta = 66.17° 97.5 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7604 and 0.4574 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6541 / 135 / 422 
Goodness-of-fit on F2 1.039 
Final R indices [I>2sigma(I)] R1 = 0.0374, wR2 = 0.0961 
R indices (all data) R1 = 0.0438, wR2 = 0.1016 
Extinction coefficient na 
Largest diff. peak and hole 0.802 and -0.664 e.Å-3 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for sad, 2.33.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Fe(1) 6037(1) 7471(1) 6172(1) 21(1) 
Br(1) 8249(1) 7259(1) 6290(1) 31(1) 
Br(2) 4955(1) 7334(1) 7273(1) 36(1) 
N(1) 5496(2) 8813(1) 5572(1) 20(1) 
N(2) 4547(2) 8147(1) 4720(1) 21(1) 
N(3) 4749(2) 7186(1) 4942(2) 22(1) 
N(4) 6194(2) 9662(1) 6221(2) 21(1) 
C(1) 5415(3) 8241(1) 5526(2) 20(1) 
C(2) 4096(3) 8655(1) 4286(2) 26(1) 
C(3) 4692(3) 9073(1) 4813(2) 25(1) 
C(5) 4183(3) 7583(1) 4431(2) 22(1) 
C(6) 3177(4) 7537(1) 3574(2) 35(1) 
C(7) 4445(3) 6599(1) 4693(2) 27(1) 
C(8) 3388(3) 6336(1) 4897(2) 32(1) 
C(9) 3166(4) 5762(2) 4674(2) 42(1) 
C(10) 3940(4) 5468(2) 4277(2) 45(1) 
C(11) 4969(4) 5729(2) 4089(2) 44(1) 
C(12) 5263(3) 6308(2) 4296(2) 33(1) 
C(13) 2484(4) 6642(2) 5318(2) 40(1) 
C(14) 2415(5) 6344(2) 6165(3) 62(1) 
C(15) 1122(4) 6695(2) 4668(3) 57(1) 
C(16) 6372(3) 6599(2) 4058(2) 44(1) 
C(17) 7597(4) 6229(2) 4246(3) 67(1) 
C(18) 5966(4) 6784(2) 3093(3) 59(1) 
C(19) 6272(3) 9132(1) 6314(2) 21(1) 
C(20) 7027(3) 8786(1) 7080(2) 26(1) 
C(21) 6908(3) 10042(1) 6884(2) 21(1) 
C(22) 8210(3) 10172(1) 6936(2) 25(1) 
C(23) 8814(3) 10598(1) 7520(2) 31(1) 
C(24) 8168(3) 10880(1) 8031(2) 31(1) 
C(25) 6905(3) 10744(1) 7977(2) 30(1) 
C(26) 6236(3) 10326(1) 7399(2) 27(1) 
C(27) 8900(3) 9862(1) 6357(2) 29(1) 
C(28) 8414(3) 10070(2) 5408(2) 37(1) 
C(29) 10384(3) 9906(2) 6681(2) 42(1) 
C(30) 4833(3) 10184(2) 7330(2) 40(1) 
C(31) 3973(4) 10706(2) 7206(3) 63(1) 
C(32) 4745(5) 9848(3) 8118(4) 88(2) 
C(33) 7098(12) 1246(5) 3467(8) 49(2) 
C(34) 7973(10) 1663(3) 4074(6) 37(2) 
C(35) 9191(9) 1429(3) 4476(6) 21(1) 
C(36) 10029(11) 1783(4) 5060(7) 52(2) 
C(37) 11364(11) 1508(4) 5404(8) 75(2) 
C(33X) 7416(19) 1373(11) 3700(15) 42(4) 
C(34X) 8420(18) 1697(9) 4340(14) 42(3) 
C(35X) 9587(15) 1434(9) 4593(13) 21(1) 
C(36X) 10481(18) 1750(9) 5278(14) 47(3) 




Table 3.   Bond lengths [Å] and angles [°] for sad, 2.33. 
_____________________________________________________ 
Fe(1)-C(1)  2.096(3) 
Fe(1)-N(3)  2.153(2) 
Fe(1)-Br(1)  2.3771(6) 
Fe(1)-Br(2)  2.3787(6) 
N(1)-C(1)  1.348(4) 
N(1)-C(3)  1.406(4) 
N(1)-C(19)  1.444(4) 
N(2)-C(1)  1.370(3) 
N(2)-C(2)  1.395(4) 
N(2)-C(5)  1.421(4) 
N(3)-C(5)  1.272(4) 
N(3)-C(7)  1.447(4) 
N(4)-C(19)  1.254(4) 
N(4)-C(21)  1.426(4) 
C(2)-C(3)  1.330(4) 
C(2)-H(2)  0.9500 
C(3)-H(3)  0.9500 
C(5)-C(6)  1.480(4) 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-C(12)  1.396(5) 
C(7)-C(8)  1.407(5) 
C(8)-C(9)  1.397(5) 
C(8)-C(13)  1.508(5) 
C(9)-C(10)  1.364(6) 
C(9)-H(9)  0.9500 
C(10)-C(11)  1.367(6) 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.416(5) 
C(11)-H(11)  0.9500 
C(12)-C(16)  1.509(6) 
C(13)-C(15)  1.534(5) 
C(13)-C(14)  1.537(6) 
C(13)-H(13)  1.0000 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(16)-C(17)  1.531(5) 
C(16)-C(18)  1.532(6) 
C(16)-H(16)  1.0000 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-C(20)  1.496(4) 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-C(26)  1.402(4) 
C(21)-C(22)  1.407(4) 
C(22)-C(23)  1.393(4) 
C(22)-C(27)  1.521(4) 
C(23)-C(24)  1.376(5) 
C(23)-H(23)  0.9500 
C(24)-C(25)  1.370(5) 
C(24)-H(24)  0.9500 
C(25)-C(26)  1.396(4) 
C(25)-H(25)  0.9500 
C(26)-C(30)  1.514(5) 
C(27)-C(28)  1.527(4) 
C(27)-C(29)  1.529(5) 
C(27)-H(27)  1.0000 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-C(32)  1.505(6) 
C(30)-C(31)  1.515(6) 
C(30)-H(30)  1.0000 
C(31)-H(31A)  0.9800 
C(31)-H(31B)  0.9800 
C(31)-H(31C)  0.9800 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9800 
C(33)-C(34)  1.501(8) 
C(33)-H(33A)  0.9800 
C(33)-H(33B)  0.9800 
C(33)-H(33C)  0.9800 
C(34)-C(35)  1.393(7) 
C(34)-H(34A)  0.9900 
C(34)-H(34B)  0.9900 
C(35)-C(36)  1.372(8) 
C(35)-H(35A)  0.9900 
C(35)-H(35B)  0.9900 
C(36)-C(37)  1.522(8) 
C(36)-H(36A)  0.9900 
C(36)-H(36B)  0.9900 
C(37)-H(37A)  0.9800 
C(37)-H(37B)  0.9800 
C(37)-H(37C)  0.9800 
C(33X)-C(34X)  1.465(14) 
C(33X)-H(33D)  0.9800 
C(33X)-H(33E)  0.9800 
C(33X)-H(33F)  0.9800 
C(34X)-C(35X)  1.349(13) 
C(34X)-H(34C)  0.9900 
C(34X)-H(34D)  0.9900 
C(35X)-C(36X)  1.434(13) 
C(35X)-H(35C)  0.9900 
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C(35X)-H(35D)  0.9900 
C(36X)-C(37X)  1.492(13) 
C(36X)-H(36C)  0.9900 
C(36X)-H(36D)  0.9900 
C(37X)-H(37D)  0.9800 
C(37X)-H(37E)  0.9800 




























































































































































































































Table 4.   Anisotropic displacement parameters  (Å2x 103) for sad, 2.33.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Fe(1) 27(1)  14(1) 17(1)  1(1) -2(1)  0(1) 
Br(1) 32(1)  29(1) 30(1)  2(1) 4(1)  0(1) 
Br(2) 35(1)  43(1) 27(1)  2(1) 4(1)  -1(1) 
N(1) 25(1)  13(1) 18(1)  1(1) 2(1)  1(1) 
N(2) 26(1)  17(1) 15(1)  0(1) 0(1)  0(1) 
N(3) 23(1)  18(1) 20(1)  -4(1) 2(1)  -1(1) 
N(4) 26(1)  14(1) 22(1)  0(1) 6(1)  0(1) 
C(1) 23(1)  17(2) 19(1)  -2(1) 3(1)  0(1) 
C(2) 33(2)  22(2) 18(1)  5(1) -1(1)  1(1) 
C(3) 33(2)  17(2) 19(1)  6(1) 1(1)  0(1) 
C(5) 26(2)  22(2) 18(1)  -3(1) 3(1)  -2(1) 
C(6) 44(2)  26(2) 24(2)  -3(1) -10(1)  -2(2) 
C(7) 33(2)  18(2) 20(1)  -3(1) -6(1)  1(1) 
C(8) 38(2)  22(2) 29(2)  1(1) -5(1)  -5(1) 
C(9) 51(2)  24(2) 38(2)  1(2) -6(2)  -7(2) 
C(10) 60(2)  20(2) 38(2)  -5(2) -12(2)  1(2) 
C(11) 51(2)  33(2) 33(2)  -11(2) -9(2)  16(2) 
C(12) 35(2)  28(2) 26(2)  -7(1) -8(1)  10(1) 
C(13) 43(2)  29(2) 47(2)  -4(2) 11(2)  -12(2) 
C(14) 81(3)  52(3) 63(3)  -3(2) 36(2)  -24(2) 
C(15) 43(2)  45(3) 79(3)  -13(2) 12(2)  -8(2) 
C(16) 37(2)  50(2) 41(2)  -23(2) 6(2)  8(2) 
C(17) 43(2)  82(4) 69(3)  -26(3) 4(2)  18(2) 
C(18) 53(2)  74(3) 53(2)  -7(2) 20(2)  1(2) 
C(19) 24(1)  18(2) 19(1)  -2(1) 3(1)  -2(1) 
C(20) 35(2)  16(2) 20(1)  0(1) -5(1)  -4(1) 
C(21) 29(2)  11(1) 20(1)  3(1) 2(1)  0(1) 
C(22) 29(2)  18(2) 25(2)  4(1) 4(1)  -1(1) 
C(23) 32(2)  22(2) 35(2)  3(1) 3(1)  -7(1) 
C(24) 43(2)  16(2) 28(2)  -2(1) -1(1)  -4(1) 
C(25) 43(2)  20(2) 28(2)  -2(1) 9(1)  3(1) 
C(26) 33(2)  18(2) 29(2)  0(1) 9(1)  2(1) 
C(27) 30(2)  24(2) 35(2)  2(1) 11(1)  -1(1) 
C(28) 41(2)  40(2) 35(2)  2(2) 16(2)  1(2) 
C(29) 32(2)  49(2) 48(2)  6(2) 15(2)  3(2) 
C(30) 37(2)  40(2) 46(2)  -13(2) 18(2)  -3(2) 
C(31) 40(2)  76(3) 77(3)  16(3) 26(2)  14(2) 
C(32) 46(3)  95(4) 127(5)  63(4) 30(3)  1(3) 
C(33) 39(5)  48(5) 56(6)  1(4) 9(4)  -4(4) 
C(34) 24(4)  42(3) 43(4)  4(3) 7(3)  7(3) 
C(35) 6(4)  22(2) 35(3)  10(2) 6(3)  7(3) 
C(36) 35(5)  53(3) 63(4)  17(3) 6(4)  8(4) 
C(37) 37(6)  69(4) 95(6)  16(4) -21(5)  -4(5) 
C(33X) 22(8)  54(10) 45(10)  11(7) 3(6)  5(7) 
C(34X) 27(6)  47(5) 46(6)  5(5) 0(5)  -6(5) 
C(35X) 6(4)  22(2) 35(3)  10(2) 6(3)  7(3) 
C(36X) 23(6)  49(5) 61(6)  13(5) 2(5)  6(5) 







Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for sad, 2.33. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(2) 3484 8695 3723 32 
H(3) 4593 9469 4699 30 
H(6A) 2986 7135 3431 53 
H(6B) 3497 7715 3117 53 
H(6C) 2383 7731 3607 53 
H(9) 2459 5573 4802 50 
H(10) 3762 5079 4131 54 
H(11) 5498 5517 3814 52 
H(13) 2833 7034 5476 48 
H(14A) 3291 6318 6575 93 
H(14B) 2056 5961 6024 93 
H(14C) 1854 6563 6436 93 
H(15A) 549 6898 4949 85 
H(15B) 769 6315 4491 85 
H(15C) 1178 6907 4148 85 
H(16) 6598 6949 4427 52 
H(17A) 7859 6117 4866 100 
H(17B) 8301 6446 4116 100 
H(17C) 7413 5888 3876 100 
H(18A) 5196 7029 2981 88 
H(18B) 5761 6447 2715 88 
H(18C) 6681 6994 2966 88 
H(20A) 7522 9039 7546 39 
H(20B) 7628 8534 6894 39 
H(20C) 6425 8556 7302 39 
H(23) 9691 10697 7567 37 
H(24) 8601 11170 8422 38 
H(25) 6477 10937 8341 37 
H(27) 8670 9450 6360 35 
H(28A) 7464 10036 5202 56 
H(28B) 8802 9837 5035 56 
H(28C) 8665 10468 5377 56 
H(29A) 10765 9695 6283 63 
H(29B) 10695 9746 7274 63 
H(29C) 10643 10307 6694 63 
H(30) 4496 9937 6801 48 
H(31A) 4037 10916 6687 94 
H(31B) 4257 10950 7726 94 
H(31C) 3068 10590 7124 94 
H(32A) 5298 9510 8183 132 
H(32B) 3840 9732 8039 132 
H(32C) 5038 10085 8646 132 
H(33A) 6253 1424 3195 73 
H(33B) 6976 911 3802 73 
H(33C) 7495 1131 3009 73 
H(34A) 8080 2005 3736 44 
H(34B) 7563 1784 4530 44 
H(35A) 9068 1079 4790 25 
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H(35B) 9598 1317 4014 25 
H(36A) 9674 1867 5558 62 
H(36B) 10112 2146 4766 62 
H(37A) 11951 1768 5814 113 
H(37B) 11716 1425 4911 113 
H(37C) 11285 1153 5709 113 
H(33D) 6601 1589 3541 62 
H(33E) 7279 1008 3957 62 
H(33F) 7698 1305 3173 62 
H(34C) 8526 2070 4082 50 
H(34D) 8120 1767 4866 50 
H(35C) 9940 1398 4084 25 
H(35D) 9479 1047 4807 25 
H(36C) 10131 1759 5791 56 
H(36D) 10496 2146 5072 56 
H(37D) 12351 1787 6067 113 
H(37E) 12245 1558 5100 113 



















































































































Table 1.  Crystal data and structure refinement for C23H26Cl2FeN4, 2.35. 
Identification code  C23H26Cl2FeN4 
Empirical formula  C27 H34 Cl2 Fe N4 O 
Formula weight  557.33 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c 
Unit cell dimensions a = 19.7711(10) Å = 90°. 
 b = 8.7349(5) Å = 90.171(3)°. 
 c = 15.9991(8) Å  = 90°. 
Volume 2763.0(3) Å3 
Z 4 
Density (calculated) 1.340 Mg/m3 
Absorption coefficient 6.359 mm-1 
F(000) 1168 
Crystal size 0.18 x 0.03 x 0.03 mm3 
Theta range for data collection 2.23 to 65.88°. 
Index ranges -22<=h<=23, -7<=k<=10, -18<=l<=18 
Reflections collected 26164 
Independent reflections 4704 [R(int) = 0.0443] 
Completeness to theta = 65.88° 97.8 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8321 and 0.3940 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4704 / 0 / 322 
Goodness-of-fit on F2 1.050 
Final R indices [I>2sigma(I)] R1 = 0.0401, wR2 = 0.0967 
R indices (all data) R1 = 0.0456, wR2 = 0.1004 
Extinction coefficient na 
Largest diff. peak and hole 1.041 and -0.287 e.Å-3 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for C23H26Cl2FeN4, 2.35.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Fe(1) 2937(1) 2693(1) 7037(1) 16(1) 
Cl(1) 2934(1) 761(1) 7958(1) 27(1) 
Cl(2) 2856(1) 5038(1) 7605(1) 23(1) 
N(1) 2738(1) 2043(2) 5278(1) 18(1) 
N(2) 1712(1) 2243(2) 5660(1) 18(1) 
N(3) 3680(1) 2382(2) 6074(1) 16(1) 
N(4) 564(1) 2413(2) 5738(1) 22(1) 
C(1) 2348(1) 2358(3) 5957(1) 16(1) 
C(2) 2347(1) 1711(3) 4574(2) 25(1) 
C(3) 1705(1) 1836(3) 4812(2) 24(1) 
C(4) 3452(1) 2043(3) 5351(1) 18(1) 
C(5) 3837(1) 1655(3) 4584(2) 26(1) 
C(14) 4400(1) 2426(3) 6233(1) 17(1) 
C(7) 4729(1) 1068(3) 6448(1) 20(1) 
C(8) 5406(1) 1182(3) 6691(2) 25(1) 
C(9) 5737(1) 2565(3) 6694(2) 26(1) 
C(10) 5403(1) 3878(3) 6451(2) 26(1) 
C(11) 4724(1) 3842(3) 6221(2) 21(1) 
C(12) 4374(1) -452(3) 6416(2) 28(1) 
C(13) 4354(1) 5270(3) 5962(2) 28(1) 
C(6) 1111(1) 2484(3) 6141(2) 18(1) 
C(15) 1214(1) 2754(4) 7048(2) 31(1) 
C(16) -70(1) 2642(3) 6136(1) 20(1) 
C(17) -332(1) 4115(3) 6235(2) 25(1) 
C(18) -993(1) 4252(4) 6532(2) 33(1) 
C(19) -1372(1) 2976(4) 6738(2) 35(1) 
C(20) -1093(1) 1540(4) 6656(2) 29(1) 
C(21) -441(1) 1337(3) 6356(1) 22(1) 
C(22) 89(2) 5507(3) 6048(2) 34(1) 
C(23) -130(1) -222(3) 6281(2) 29(1) 
O(1S) 2851(1) 8635(3) 5412(2) 58(1) 
C(24S) 2374(2) 8248(4) 6047(2) 62(1) 
C(25S) 1956(2) 6956(4) 5705(2) 48(1) 
C(26S) 2468(2) 6152(4) 5165(2) 39(1) 




Table 3.   Bond lengths [Å] and angles [°] for  C23H26Cl2FeN4, 2.35. 
_____________________________________________________
Fe(1)-C(1)  2.100(2) 
Fe(1)-N(3)  2.1489(19) 
Fe(1)-Cl(1)  2.2411(7) 
Fe(1)-Cl(2)  2.2471(7) 
N(1)-C(1)  1.360(3) 
N(1)-C(2)  1.394(3) 
N(1)-C(4)  1.418(3) 
N(2)-C(1)  1.347(3) 
N(2)-C(3)  1.404(3) 
N(2)-C(6)  1.433(3) 
N(3)-C(4)  1.275(3) 
N(3)-C(14)  1.445(3) 
N(4)-C(6)  1.258(3) 
N(4)-C(16)  1.423(3) 
C(2)-C(3)  1.330(3) 
C(2)-H(2)  0.9500 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.484(3) 
C(5)-H(5A)  0.9800 
C(5)-H(5B)  0.9800 
C(5)-H(5C)  0.9800 
C(14)-C(11)  1.394(4) 
C(14)-C(7)  1.395(3) 
C(7)-C(8)  1.396(3) 
C(7)-C(12)  1.503(4) 
C(8)-C(9)  1.374(4) 
C(8)-H(8)  0.9500 
C(9)-C(10)  1.379(4) 
C(9)-H(9)  0.9500 
C(10)-C(11)  1.391(3) 
C(10)-H(10)  0.9500 
C(11)-C(13)  1.503(4) 
C(12)-H(12A)  0.9800 
C(12)-H(12B)  0.9800 
C(12)-H(12C)  0.9800 
C(13)-H(13A)  0.9800 
C(13)-H(13B)  0.9800 
C(13)-H(13C)  0.9800 
C(6)-C(15)  1.484(3) 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(16)-C(17)  1.396(4) 
C(16)-C(21)  1.401(4) 
C(17)-C(18)  1.398(4) 
C(17)-C(22)  1.504(4) 
C(18)-C(19)  1.383(4) 
C(18)-H(18)  0.9500 
C(19)-C(20)  1.376(4) 
C(19)-H(19)  0.9500 
C(20)-C(21)  1.388(3) 
C(20)-H(20)  0.9500 
C(21)-C(23)  1.499(4) 
C(22)-H(22A)  0.9800 
C(22)-H(22B)  0.9800 
C(22)-H(22C)  0.9800 
C(23)-H(23A)  0.9800 
C(23)-H(23B)  0.9800 
C(23)-H(23C)  0.9800 
O(1S)-C(27S)  1.403(4) 
O(1S)-C(24S)  1.429(4) 
C(24S)-C(25S)  1.500(5) 
C(24S)-H(24A)  0.9900 
C(24S)-H(24B)  0.9900 
C(25S)-C(26S)  1.507(5) 
C(25S)-H(25A)  0.9900 
C(25S)-H(25B)  0.9900 
C(26S)-C(27S)  1.497(4) 
C(26S)-H(26A)  0.9900 
C(26S)-H(26B)  0.9900 
C(27S)-H(27A)  0.9900 








































































































































Table 4.   Anisotropic displacement parameters  (Å2x 103) for C23H26Cl2FeN4, 2.35.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Fe(1) 15(1)  21(1) 12(1)  -2(1) -1(1)  1(1) 
Cl(1) 30(1)  26(1) 24(1)  5(1) 1(1)  3(1) 
Cl(2) 26(1)  22(1) 21(1)  -5(1) 1(1)  -2(1) 
N(1) 18(1)  22(1) 14(1)  -2(1) 0(1)  0(1) 
N(2) 15(1)  24(1) 14(1)  -1(1) 0(1)  -1(1) 
N(3) 15(1)  20(1) 14(1)  -1(1) 0(1)  1(1) 
N(4) 17(1)  29(1) 20(1)  1(1) 0(1)  -2(1) 
C(1) 16(1)  17(1) 14(1)  2(1) -1(1)  -1(1) 
C(2) 23(1)  39(2) 12(1)  -6(1) -2(1)  -2(1) 
C(3) 21(1)  37(2) 15(1)  -5(1) -5(1)  -2(1) 
C(4) 18(1)  18(1) 18(1)  3(1) 2(1)  1(1) 
C(5) 21(1)  39(2) 18(1)  -3(1) 2(1)  2(1) 
C(14) 15(1)  24(1) 12(1)  -3(1) 2(1)  1(1) 
C(7) 21(1)  25(1) 16(1)  -3(1) 3(1)  4(1) 
C(8) 22(1)  34(2) 20(1)  -4(1) -1(1)  11(1) 
C(9) 16(1)  40(2) 22(1)  -7(1) -3(1)  1(1) 
C(10) 20(1)  34(2) 26(1)  -5(1) 2(1)  -5(1) 
C(11) 21(1)  24(1) 19(1)  -1(1) 4(1)  0(1) 
C(12) 29(1)  22(1) 31(1)  0(1) 0(1)  5(1) 
C(13) 25(1)  23(1) 36(2)  1(1) 0(1)  -2(1) 
C(6) 16(1)  20(1) 17(1)  0(1) 1(1)  -2(1) 
C(15) 18(1)  57(2) 18(1)  -7(1) 1(1)  2(1) 
C(16) 16(1)  29(1) 14(1)  0(1) -4(1)  0(1) 
C(17) 27(1)  28(2) 20(1)  -3(1) -5(1)  3(1) 
C(18) 30(1)  40(2) 29(2)  -7(1) -4(1)  13(1) 
C(19) 20(1)  61(2) 24(1)  -3(1) 2(1)  8(1) 
C(20) 21(1)  43(2) 24(1)  4(1) -1(1)  -6(1) 
C(21) 21(1)  29(1) 17(1)  2(1) -3(1)  -1(1) 
C(22) 43(2)  24(2) 36(2)  -6(1) -7(1)  2(1) 
C(23) 32(1)  29(2) 27(1)  5(1) -2(1)  -3(1) 
O(1S) 79(2)  42(1) 54(1)  11(1) -16(1)  -28(1) 
C(24S) 115(3)  26(2) 45(2)  -3(2) 7(2)  2(2) 
C(25S) 38(2)  50(2) 55(2)  18(2) 6(2)  0(2) 
C(26S) 54(2)  30(2) 34(2)  -1(1) -5(1)  -2(1) 




Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for C23H26Cl2FeN4, 2.35. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(2) 2507 1448 4034 30 
H(3) 1317 1681 4472 29 
H(5A) 4323 1710 4703 39 
H(5B) 3722 2383 4140 39 
H(5C) 3720 616 4404 39 
H(8) 5642 286 6859 30 
H(9) 6198 2616 6863 31 
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H(10) 5640 4823 6441 32 
H(12A) 3954 -395 6739 41 
H(12B) 4668 -1243 6654 41 
H(12C) 4268 -709 5834 41 
H(13A) 4663 6146 5988 42 
H(13B) 3973 5444 6341 42 
H(13C) 4185 5150 5390 42 
H(15A) 774 2805 7327 47 
H(15B) 1456 3721 7130 47 
H(15C) 1480 1912 7286 47 
H(18) -1187 5242 6592 39 
H(19) -1821 3090 6935 42 
H(20) -1353 668 6807 35 
H(22A) 328 5829 6556 51 
H(22B) -205 6339 5856 51 
H(22C) 418 5262 5612 51 
H(23A) -470 -1003 6409 44 
H(23B) 249 -311 6676 44 
H(23C) 36 -370 5710 44 
H(24A) 2084 9139 6178 74 
H(24B) 2611 7926 6564 74 
H(25A) 1569 7338 5372 57 
H(25B) 1788 6281 6156 57 
H(26A) 2764 5471 5500 47 
H(26B) 2246 5546 4719 47 
H(27A) 3328 7156 4686 53 



































































































Table 1.  Crystal data and structure refinement for C32H44Cl2FeN4, 2.40. 
Identification code  C32H44Cl2FeN4 
Empirical formula  C36 H53 Cl5 Fe N4 
Formula weight  774.92 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C2/c 
Unit cell dimensions a = 33.015(2) Å = 90°. 
 b = 14.7148(10) Å = 107.621(4)°. 
 c = 17.6141(12) Å  = 90°. 
Volume 8155.7(10) Å3 
Z 8 
Density (calculated) 1.262 Mg/m3 
Absorption coefficient 0.726 mm-1 
F(000) 3264 
Crystal size 0.15 x 0.10 x 0.06 mm3 
Theta range for data collection 1.29 to 28.25°. 
Index ranges -43<=h<=43, -19<=k<=19, -23<=l<=23 
Reflections collected 89297 
Independent reflections 9983 [R(int) = 0.0428] 
Completeness to theta = 28.25° 98.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9577 and 0.8989 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9983 / 7 / 426 
Goodness-of-fit on F2 1.022 
Final R indices [I>2sigma(I)] R1 = 0.0498, wR2 = 0.1229 
R indices (all data) R1 = 0.0679, wR2 = 0.1354 
Extinction coefficient na 
Largest diff. peak and hole 1.199 and -2.332 e.Å-3 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for C32H44Cl2FeN4, 2.40.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Fe(1) 2442(1) 6240(1) 1791(1) 19(1) 
Cl(1) 1930(1) 5201(1) 1585(1) 42(1) 
Cl(2) 3057(1) 5740(1) 1651(1) 24(1) 
N(1) 2217(1) 8052(1) 2147(1) 19(1) 
N(2) 2015(1) 8104(1) 882(1) 22(1) 
N(3) 2553(1) 6885(1) 2936(1) 17(1) 
N(4) 1197(1) 7766(2) 64(1) 27(1) 
C(1) 2210(1) 7552(2) 1488(1) 19(1) 
C(2) 2024(1) 8897(2) 1945(2) 25(1) 
C(3) 1897(1) 8920(2) 1146(2) 26(1) 
C(4) 2404(1) 7686(2) 2917(1) 19(1) 
C(5) 2399(1) 8280(2) 3596(1) 26(1) 
C(6) 2772(1) 6486(2) 3699(1) 18(1) 
C(7) 3213(1) 6594(2) 3992(1) 19(1) 
C(8) 3420(1) 6239(2) 4746(1) 22(1) 
C(9) 3198(1) 5774(2) 5176(1) 24(1) 
C(10) 2765(1) 5645(2) 4857(1) 23(1) 
C(11) 2541(1) 5996(2) 4112(1) 20(1) 
C(12) 3466(1) 7095(2) 3529(1) 23(1) 
C(13) 3619(1) 8018(2) 3906(2) 35(1) 
C(14) 3838(1) 6522(2) 3458(2) 28(1) 
C(15) 2064(1) 5841(2) 3776(1) 26(1) 
C(16) 1961(1) 4827(2) 3690(2) 42(1) 
C(17) 1824(1) 6295(2) 4296(2) 37(1) 
C(18) 1917(1) 7844(2) 51(1) 24(1) 
C(19) 1449(1) 7644(2) -342(1) 23(1) 
C(20) 1343(1) 7326(2) -1186(2) 32(1) 
C(21) 753(1) 7600(2) -254(1) 27(1) 
C(22) 593(1) 6769(2) -90(2) 33(1) 
C(23) 152(1) 6654(2) -339(2) 47(1) 
C(24) -116(1) 7339(2) -725(2) 45(1) 
C(25) 46(1) 8155(2) -870(2) 38(1) 
C(26) 483(1) 8309(2) -635(2) 38(1) 
C(27) 885(1) 6007(2) 337(2) 40(1) 
C(28) 932(2) 5291(3) -255(3) 70(1) 
C(29) 741(1) 5558(3) 981(2) 50(1) 
C(30) 654(2) 9317(4) -656(4) 29(1) 
C(31) 385(3) 10082(5) -485(5) 54(2) 
C(32) 736(2) 9461(5) -1442(4) 54(2) 
C(30X) 661(2) 9091(6) -952(5) 34(2) 
C(31X) 542(4) 9902(8) -548(6) 62(3) 
C(32X) 503(3) 9231(7) -1841(5) 63(3) 
C(1S) 955(1) 8031(3) 1732(2) 58(1) 
Cl(1S) 847(1) 9170(1) 1793(2) 82(1) 
Cl(2S) 1248(1) 7601(2) 2665(1) 89(1) 
Cl(1T) 1269(3) 7310(7) 2373(8) 47(3) 
Cl(2T) 1004(5) 9069(9) 2250(11) 74(4) 
C(2S) 0 3570(4) 2500 58(1) 
Cl(3S) 431(1) 4232(1) 2424(1) 93(1) 
C(3S) 0 7276(5) 2500 78(2) 
C(4S) 237(2) 6799(5) 3166(4) 90(2) 
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C(5S) 440(2) 7271(5) 3880(4) 118(2) 
C(3T) 0 7276(5) 2500 78(2) 
C(4T) 212(4) 7737(9) 3204(7) 52(4) 




Table 3.   Bond lengths [Å] and angles [°] for  C32H44Cl2FeN4, 2.40. 
_____________________________________________________ 
Fe(1)-C(1)  2.085(2) 
Fe(1)-N(3)  2.1569(18) 
Fe(1)-Cl(1)  2.2248(7) 
Fe(1)-Cl(2)  2.2429(6) 
N(1)-C(1)  1.369(3) 
N(1)-C(2)  1.393(3) 
N(1)-C(4)  1.416(3) 
N(2)-C(1)  1.342(3) 
N(2)-C(3)  1.387(3) 
N(2)-C(18)  1.451(3) 
N(3)-C(4)  1.274(3) 
N(3)-C(6)  1.445(3) 
N(4)-C(19)  1.263(3) 
N(4)-C(21)  1.425(3) 
C(2)-C(3)  1.341(3) 
C(2)-H(2)  0.9500 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.486(3) 
C(5)-H(5A)  0.9800 
C(5)-H(5B)  0.9800 
C(5)-H(5C)  0.9800 
C(6)-C(7)  1.398(3) 
C(6)-C(11)  1.403(3) 
C(7)-C(8)  1.399(3) 
C(7)-C(12)  1.523(3) 
C(8)-C(9)  1.382(3) 
C(8)-H(8)  0.9500 
C(9)-C(10)  1.381(3) 
C(9)-H(9)  0.9500 
C(10)-C(11)  1.396(3) 
C(10)-H(10)  0.9500 
C(11)-C(15)  1.521(3) 
C(12)-C(14)  1.526(3) 
C(12)-C(13)  1.528(4) 
C(12)-H(12)  1.0000 
C(13)-H(13A)  0.9800 
C(13)-H(13B)  0.9800 
C(13)-H(13C)  0.9800 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-C(16)  1.529(4) 
C(15)-C(17)  1.534(4) 
C(15)-H(15)  1.0000 
C(16)-H(16A)  0.9800 
C(16)-H(16B)  0.9800 
C(16)-H(16C)  0.9800 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-C(19)  1.519(3) 
C(18)-H(18A)  0.9900 
C(18)-H(18B)  0.9900 
C(19)-C(20)  1.496(3) 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-C(22)  1.396(4) 
C(21)-C(26)  1.403(4) 
C(22)-C(23)  1.397(4) 
C(22)-C(27)  1.521(4) 
C(23)-C(24)  1.377(5) 
C(23)-H(23)  0.9500 
C(24)-C(25)  1.370(4) 
C(24)-H(24)  0.9500 
C(25)-C(26)  1.394(4) 
C(25)-H(25)  0.9500 
C(26)-C(30)  1.592(6) 
C(27)-C(29)  1.510(5) 
C(27)-C(28)  1.522(5) 
C(27)-H(27A)  1.0000 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-C(32)  1.504(9) 
C(30)-C(31)  1.520(8) 
C(30)-H(30)  1.0000 
C(31)-H(31A)  0.9800 
C(31)-H(31B)  0.9800 
C(31)-H(31C)  0.9800 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9800 
C(1S)-Cl(1S)  1.725(4) 
C(1S)-Cl(2S)  1.753(4) 
C(1S)-H(1S1)  0.9900 
C(1S)-H(1S2)  0.9900 
C(2S)-Cl(3S)  1.761(3) 
C(2S)-Cl(3S)#1  1.761(3) 
C(2S)-H(2SA)  0.9900 
C(2S)-H(2SB)  0.9900 
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C(3S)-C(4S)#1  1.387(7) 
C(3S)-C(4S)  1.387(7) 
C(3S)-H(3S1)  0.9900 
C(3S)-H(3S2)  0.9900 
C(4S)-C(5S)  1.415(9) 
C(4S)-H(4SA)  0.9900 
C(4S)-H(4SB)  0.9900 
C(5S)-H(5SA)  0.9800 
C(5S)-H(5SB)  0.9800 
C(5S)-H(5SC)  0.9800 
C(4T)-H(4T1)  0.9900 
































































































































































































Symmetry transformations used to generate equivalent atoms:  
#1 -x,y,-z+1/2       
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Table 4.   Anisotropic displacement parameters  (Å2x 103) for C32H44Cl2FeN4, 2.40.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Fe(1) 22(1)  17(1) 16(1)  -1(1) 3(1)  1(1) 
Cl(1) 28(1)  26(1) 67(1)  -13(1) 6(1)  -7(1) 
Cl(2) 28(1)  24(1) 22(1)  -2(1) 10(1)  2(1) 
N(1) 20(1)  15(1) 22(1)  3(1) 4(1)  1(1) 
N(2) 17(1)  23(1) 23(1)  8(1) 3(1)  -1(1) 
N(3) 16(1)  15(1) 17(1)  1(1) 3(1)  -1(1) 
N(4) 19(1)  35(1) 23(1)  7(1) 3(1)  -4(1) 
C(1) 16(1)  21(1) 19(1)  3(1) 3(1)  -2(1) 
C(2) 23(1)  17(1) 33(1)  5(1) 5(1)  2(1) 
C(3) 22(1)  19(1) 33(1)  8(1) 4(1)  0(1) 
C(4) 16(1)  18(1) 20(1)  1(1) 4(1)  -3(1) 
C(5) 30(1)  22(1) 24(1)  -3(1) 7(1)  3(1) 
C(6) 21(1)  16(1) 14(1)  -1(1) 3(1)  2(1) 
C(7) 22(1)  16(1) 18(1)  -1(1) 4(1)  1(1) 
C(8) 22(1)  22(1) 19(1)  -2(1) 1(1)  2(1) 
C(9) 30(1)  23(1) 15(1)  0(1) 2(1)  4(1) 
C(10) 31(1)  21(1) 18(1)  2(1) 10(1)  1(1) 
C(11) 23(1)  19(1) 19(1)  -1(1) 7(1)  0(1) 
C(12) 19(1)  24(1) 24(1)  4(1) 4(1)  -1(1) 
C(13) 30(1)  22(1) 57(2)  1(1) 18(1)  0(1) 
C(14) 24(1)  31(1) 31(1)  -3(1) 10(1)  0(1) 
C(15) 24(1)  31(1) 24(1)  5(1) 7(1)  -4(1) 
C(16) 34(1)  38(2) 48(2)  6(1) 4(1)  -13(1) 
C(17) 26(1)  53(2) 34(1)  8(1) 14(1)  2(1) 
C(18) 20(1)  31(1) 20(1)  7(1) 4(1)  -2(1) 
C(19) 21(1)  22(1) 23(1)  7(1) 2(1)  -1(1) 
C(20) 24(1)  38(2) 31(1)  -5(1) 4(1)  2(1) 
C(21) 19(1)  37(2) 22(1)  2(1) 4(1)  -2(1) 
C(22) 22(1)  33(2) 44(2)  -4(1) 8(1)  -3(1) 
C(23) 24(1)  36(2) 79(2)  -2(2) 12(1)  -6(1) 
C(24) 18(1)  48(2) 64(2)  -7(2) 7(1)  -4(1) 
C(25) 22(1)  47(2) 40(2)  3(1) 2(1)  2(1) 
C(26) 24(1)  46(2) 39(1)  13(1) 2(1)  -2(1) 
C(27) 26(1)  29(2) 64(2)  4(1) 13(1)  -3(1) 
C(28) 105(3)  41(2) 81(3)  16(2) 52(3)  30(2) 
C(29) 43(2)  52(2) 55(2)  6(2) 15(2)  4(2) 
C(30) 17(2)  25(3) 39(3)  3(3) 1(2)  8(2) 
C(31) 54(5)  23(3) 83(5)  -11(3) 20(4)  -3(3) 
C(32) 59(4)  42(4) 60(5)  17(3) 18(4)  -6(3) 
C(1S) 73(2)  53(2) 54(2)  -3(2) 30(2)  -8(2) 
Cl(1S) 89(1)  46(1) 116(2)  -11(1) 38(1)  -2(1) 
Cl(2S) 43(1)  160(2) 58(1)  50(1) 8(1)  -7(1) 
C(2S) 73(2)  53(2) 54(2)  -3(2) 30(2)  -8(2) 




Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for C32H44Cl2FeN4, 2.40. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(2) 1990 9358 2298 30 
H(3) 1752 9407 822 31 
H(5A) 2535 7964 4098 38 
H(5B) 2104 8425 3563 38 
H(5C) 2554 8843 3575 38 
H(8) 3718 6319 4968 27 
H(9) 3343 5543 5690 29 
H(10) 2617 5310 5151 27 
H(12) 3273 7206 2979 27 
H(13A) 3374 8372 3944 53 
H(13B) 3761 8345 3575 53 
H(13C) 3818 7927 4440 53 
H(14A) 3733 5935 3215 43 
H(14B) 4039 6422 3989 43 
H(14C) 3982 6841 3124 43 
H(15) 1965 6123 3234 31 
H(16A) 2115 4544 3356 63 
H(16B) 1655 4745 3442 63 
H(16C) 2047 4541 4218 63 
H(17A) 1892 6945 4347 55 
H(17B) 1909 6014 4825 55 
H(17C) 1517 6216 4048 55 
H(18A) 2085 7298 12 29 
H(18B) 2005 8341 -245 29 
H(20A) 1037 7213 -1397 48 
H(20B) 1498 6764 -1207 48 
H(20C) 1424 7795 -1508 48 
H(23) 35 6093 -241 56 
H(24) -415 7244 -892 54 
H(25) -142 8623 -1135 46 
H(27A) 1172 6276 593 48 
H(28A) 1025 5581 -674 105 
H(28B) 657 4992 -494 105 
H(28C) 1142 4838 22 105 
H(29A) 714 6017 1366 75 
H(29B) 950 5100 1253 75 
H(29C) 465 5264 742 75 
H(30) 937 9351 -236 34 
H(31A) 526 10666 -500 80 
H(31B) 351 9995 44 80 
H(31C) 105 10080 -888 80 
H(32A) 842 10079 -1464 80 
H(32B) 471 9375 -1876 80 
H(32C) 948 9021 -1498 80 
H(30X) 978 9036 -783 41 
H(31D) 644 9816 31 92 
H(31E) 233 9972 -721 92 
H(31F) 673 10449 -690 92 
H(32D) 581 8704 -2109 95 
H(32E) 633 9780 -1981 95 
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H(32F) 194 9300 -2013 95 
H(1S1) 1118 7945 1349 69 
H(1S2) 685 7690 1531 69 
H(2SA) 98 3174 2975 69 
H(2SB) -98 3174 2025 69 
H(3S1) -198 7676 2669 94 
H(3S2) 198 7676 2331 94 
H(4SA) 459 6461 3012 108 
H(4SB) 47 6341 3290 108 
H(5SA) 593 6837 4288 176 
H(5SB) 226 7589 4063 176 
H(5SC) 640 7713 3782 176 
H(3T1) 212 6874 2375 94 
H(3T2) -212 6874 2625 94 
H(4T1) 411 8169 3073 63 
H(4T2) -3 8107 3352 63 
H(5T1) 566 7705 4308 176 
H(5T2) 666 6918 3763 176 





































































































Symmetry transformations used to generate equivalent atoms:  










Table 1.  Crystal data and structure refinement for C33H46Cl2FeN4, 2.41. 
Identification code  C33H46Cl2FeN4 
Empirical formula  C33 H46 Cl2 Fe N4 
Formula weight  625.49 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C 2/c 
Unit cell dimensions a = 31.4145(11) Å = 90°. 
 b = 16.7828(5) Å = 97.130(2)°. 
 c = 15.8496(5) Å  = 90°. 
Volume 8291.7(5) Å3 
Z 8 
Density (calculated) 1.002 Mg/m3 
Absorption coefficient 0.515 mm-1 
F(000) 2656 
Crystal size 0.10 x 0.06 x 0.05 mm3 
Theta range for data collection 1.31 to 28.33°. 
Index ranges -41<=h<=41, 0<=k<=22, 0<=l<=21 
Reflections collected 10269 
Independent reflections 10269 [R(int) = 0.0000] 
Completeness to theta = 28.33° 99.2 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9747 and 0.9503 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10269 / 349 / 449 
Goodness-of-fit on F2 1.096 
Final R indices [I>2sigma(I)] R1 = 0.0609, wR2 = 0.1755 
R indices (all data) R1 = 0.0928, wR2 = 0.1956 
Extinction coefficient na 
Largest diff. peak and hole 0.865 and -0.560 e.Å-3 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for C33H46Cl2FeN4, 2.41.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Fe(1) 7516(1) 9301(1) 3677(1) 37(1) 
Cl(1) 6808(1) 9112(1) 3343(1) 50(1) 
Cl(2) 7963(1) 9306(1) 2671(1) 47(1) 
N(1) 7942(1) 8098(1) 5100(1) 40(1) 
N(2) 7617(1) 9089(1) 5561(1) 37(1) 
N(3) 7585(1) 10399(1) 4355(1) 40(1) 
N(4) 8874(1) 7125(2) 4778(2) 67(1) 
C(1) 7706(1) 8741(1) 4827(1) 35(1) 
C(2) 7993(1) 8041(2) 5980(2) 46(1) 
C(3) 7791(1) 8666(2) 6270(2) 43(1) 
C(4) 7341(1) 9785(1) 5596(2) 44(1) 
C(5) 7473(1) 10496(1) 5101(2) 40(1) 
C(6) 7431(1) 11271(2) 5543(2) 50(1) 
C(7) 7716(1) 11101(1) 3903(2) 50(1) 
C(8) 7392(1) 11582(2) 3469(2) 57(1) 
C(9) 7540(2) 12257(2) 3054(2) 70(1) 
C(10) 7963(2) 12437(2) 3076(2) 80(2) 
C(11) 8270(2) 11934(2) 3495(2) 72(1) 
C(12) 8153(1) 11242(2) 3914(2) 57(1) 
C(13) 6932(1) 11405(2) 3424(2) 61(1) 
C(14) 6671(2) 12095(2) 3741(2) 86(2) 
C(15) 6737(2) 11162(2) 2520(2) 76(1) 
C(16) 8487(1) 10705(2) 4366(2) 62(1) 
C(17) 8871(2) 10598(3) 3889(3) 88(1) 
C(18) 8623(2) 10986(3) 5275(3) 80(1) 
C(19) 8157(1) 7578(2) 4547(2) 45(1) 
C(20) 8632(1) 7714(2) 4660(2) 52(1) 
C(21) 8771(1) 8565(2) 4618(3) 86(1) 
C(22) 9336(2) 7233(3) 4913(3) 85(1) 
C(23) 9521(2) 7035(5) 5675(5) 90(2) 
C(24) 9963(2) 7082(6) 5747(6) 97(2) 
C(25) 10182(3) 7297(9) 5094(7) 108(2) 
C(26) 9967(3) 7460(7) 4311(6) 111(2) 
C(27) 9511(2) 7403(7) 4168(5) 101(2) 
C(28) 9247(2) 6811(5) 6350(4) 80(2) 
C(29) 9152(4) 7555(7) 6867(8) 106(3) 
C(30) 9460(3) 6133(6) 6915(6) 117(3) 
C(31) 9286(3) 7444(7) 3236(6) 111(2) 
C(32) 9409(4) 6756(9) 2684(7) 129(3) 
C(33) 9362(3) 8222(6) 2885(6) 111(2) 
C(23X) 9542(4) 7526(8) 5694(6) 111(2) 
C(24X) 9996(4) 7617(9) 5924(8) 99(2) 
C(25X) 10265(5) 7404(13) 5382(10) 101(3) 
C(26X) 10087(4) 7047(9) 4624(10) 96(3) 
C(27X) 9642(3) 6937(8) 4440(8) 91(2) 
C(28X) 9303(4) 7829(9) 6455(8) 102(3) 
C(29X) 9513(4) 8466(10) 7054(9) 122(5) 
C(30X) 9175(6) 7104(10) 6955(10) 95(4) 
C(31X) 9443(4) 6588(8) 3605(8) 100(2) 
C(32X) 9389(5) 7239(8) 2896(9) 91(3) 






Table 3.   Bond lengths [Å] and angles [°] for  C33H46Cl2FeN4, 2.41. 
_____________________________________________________ 
Fe(1)-C(1)  2.071(2) 
Fe(1)-N(3)  2.131(2) 
Fe(1)-Cl(1)  2.2452(9) 
Fe(1)-Cl(2)  2.2525(9) 
N(1)-C(1)  1.351(3) 
N(1)-C(2)  1.386(3) 
N(1)-C(19)  1.459(4) 
N(2)-C(1)  1.362(3) 
N(2)-C(3)  1.384(3) 
N(2)-C(4)  1.458(4) 
N(3)-C(5)  1.285(3) 
N(3)-C(7)  1.463(3) 
N(4)-C(20)  1.247(4) 
N(4)-C(22)  1.453(6) 
C(2)-C(3)  1.338(4) 
C(2)-H(2)  0.9500 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.513(3) 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-C(6)  1.491(3) 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-C(12)  1.391(5) 
C(7)-C(8)  1.411(5) 
C(8)-C(9)  1.416(4) 
C(8)-C(13)  1.471(6) 
C(9)-C(10)  1.359(6) 
C(9)-H(9)  0.9500 
C(10)-C(11)  1.386(6) 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.409(4) 
C(11)-H(11)  0.9500 
C(12)-C(16)  1.496(6) 
C(13)-C(14)  1.538(5) 
C(13)-C(15)  1.542(4) 
C(13)-H(13)  1.0000 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(16)-C(17)  1.513(6) 
C(16)-C(18)  1.526(5) 
C(16)-H(16)  1.0000 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-C(20)  1.500(5) 
C(19)-H(19A)  0.9900 
C(19)-H(19B)  0.9900 
C(20)-C(21)  1.497(5) 
C(21)-H(21A)  0.9800 
C(21)-H(21B)  0.9800 
C(21)-H(21C)  0.9800 
C(22)-C(23)  1.317(8) 
C(22)-C(27X)  1.383(11) 
C(22)-C(27)  1.392(9) 
C(22)-C(23X)  1.412(10) 
C(23)-C(24)  1.380(10) 
C(23)-C(28)  1.502(10) 
C(24)-C(25)  1.361(12) 
C(24)-H(24)  0.9500 
C(25)-C(26)  1.366(12) 
C(25)-H(25)  0.9500 
C(26)-C(27)  1.425(11) 
C(26)-H(26)  0.9500 
C(27)-C(31)  1.559(12) 
C(28)-C(29)  1.543(12) 
C(28)-C(30)  1.548(10) 
C(28)-H(28)  1.0000 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-H(30A)  0.9800 
C(30)-H(30B)  0.9800 
C(30)-H(30C)  0.9800 
C(31)-C(33)  1.450(13) 
C(31)-C(32)  1.527(13) 
C(31)-H(31)  1.0000 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9800 
C(33)-H(33A)  0.9800 
C(33)-H(33B)  0.9800 
C(33)-H(33C)  0.9800 
C(23X)-C(24X)  1.435(13) 
C(23X)-C(28X)  1.583(15) 
C(24X)-C(25X)  1.327(15) 
C(24X)-H(24B)  0.9500 
C(25X)-C(26X)  1.395(16) 
C(25X)-H(25B)  0.9500 
C(26X)-C(27X)  1.402(14) 
C(26X)-H(26B)  0.9500 
C(27X)-C(31X)  1.511(14) 
C(28X)-C(29X)  1.524(16) 
C(28X)-C(30X)  1.532(17) 
482 
 
C(28X)-H(28B)  1.0000 
C(29X)-H(29D)  0.9800 
C(29X)-H(29E)  0.9800 
C(29X)-H(29F)  0.9800 
C(30X)-H(30D)  0.9800 
C(30X)-H(30E)  0.9800 
C(30X)-H(30F)  0.9800 
C(31X)-C(33X)  1.482(14) 
C(31X)-C(32X)  1.563(15) 
C(31X)-H(31B)  1.0000 
C(32X)-H(32D)  0.9800 
C(32X)-H(32E)  0.9800 
C(32X)-H(32F)  0.9800 
C(33X)-H(33D)  0.9800 
C(33X)-H(33E)  0.9800 



































































































































































































































Symmetry transformations used to generate equivalent atoms:  
 
 
Table 4.   Anisotropic displacement parameters  (Å2x 103) for C33H46Cl2FeN4, 2.41.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Fe(1) 72(1)  22(1) 15(1)  -1(1) 1(1)  -2(1) 
Cl(1) 69(1)  35(1) 43(1)  -8(1) -4(1)  6(1) 
Cl(2) 80(1)  40(1) 23(1)  -5(1) 9(1)  -4(1) 
N(1) 70(2)  26(1) 23(1)  2(1) 2(1)  -5(1) 
N(2) 69(2)  25(1) 16(1)  3(1) 1(1)  -3(1) 
N(3) 83(2)  20(1) 17(1)  1(1) 4(1)  -3(1) 
N(4) 79(2)  62(2) 65(2)  1(1) 32(2)  14(2) 
C(1) 63(2)  22(1) 20(1)  0(1) 3(1)  -7(1) 
C(2) 80(2)  34(1) 22(1)  9(1) -3(1)  -2(1) 
C(3) 79(2)  32(1) 18(1)  7(1) 0(1)  -3(1) 
C(4) 82(2)  28(1) 22(1)  1(1) 7(1)  2(1) 
C(5) 78(2)  25(1) 18(1)  2(1) 0(1)  -1(1) 
C(6) 104(3)  26(1) 18(1)  -4(1) 3(1)  0(1) 
C(7) 113(3)  20(1) 18(1)  -1(1) 9(1)  -5(1) 
C(8) 127(3)  24(1) 19(1)  -5(1) 5(2)  -1(2) 
C(9) 171(4)  24(1) 16(1)  -3(1) 8(2)  4(2) 
C(10) 186(5)  29(2) 29(2)  -6(1) 33(2)  -27(2) 
C(11) 146(4)  36(2) 39(2)  -10(1) 31(2)  -31(2) 
C(12) 108(3)  33(1) 32(1)  -10(1) 24(2)  -23(2) 
C(13) 126(3)  30(1) 24(1)  -2(1) -5(2)  20(2) 
C(14) 152(4)  45(2) 53(2)  -11(2) -17(2)  35(2) 
C(15) 141(4)  47(2) 34(2)  0(1) -15(2)  11(2) 
C(16) 91(3)  41(2) 58(2)  -8(1) 26(2)  -21(2) 
C(17) 101(3)  69(3) 101(4)  -21(2) 39(3)  -32(2) 
C(18) 106(3)  67(2) 65(2)  -12(2) 8(2)  -11(2) 
C(19) 69(2)  33(1) 32(1)  -3(1) 5(1)  -4(1) 
C(20) 73(2)  51(2) 33(1)  2(1) 5(1)  -3(2) 
C(21) 71(3)  63(2) 116(4)  21(2) -19(2)  -11(2) 
C(22) 76(2)  98(3) 87(3)  3(2) 30(2)  21(2) 
C(23) 79(3)  108(4) 81(3)  -6(3) 5(3)  22(3) 
C(24) 71(3)  130(5) 85(4)  -7(4) -4(3)  27(4) 
C(25) 72(4)  150(5) 101(5)  -1(5) 6(4)  19(4) 
C(26) 72(4)  164(6) 100(4)  5(4) 20(3)  13(4) 
C(27) 64(3)  158(5) 85(3)  2(4) 19(3)  8(4) 
C(28) 70(4)  111(5) 55(3)  -5(3) -14(3)  14(3) 
C(29) 79(6)  151(8) 83(6)  -42(7) -11(4)  26(7) 
C(30) 107(6)  146(7) 87(6)  36(5) -30(5)  24(5) 
C(31) 76(4)  176(6) 84(4)  10(5) 21(4)  -2(5) 
C(32) 104(6)  195(8) 94(6)  -3(6) 26(5)  6(7) 
C(33) 82(3)  158(4) 93(3)  16(3) 9(3)  18(3) 
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C(23X) 82(3)  158(4) 93(3)  16(3) 9(3)  18(3) 
C(24X) 75(4)  135(6) 87(5)  11(5) 2(4)  27(5) 
C(25X) 73(5)  131(6) 96(6)  3(5) 3(4)  20(5) 
C(26X) 65(4)  129(6) 95(5)  1(5) 19(4)  20(4) 
C(27X) 65(4)  118(5) 92(4)  -2(4) 20(4)  12(4) 
C(28X) 74(6)  155(7) 73(5)  -7(5) -9(4)  3(6) 
C(29X) 89(8)  169(11) 103(9)  -32(8) -11(7)  0(8) 
C(30X) 71(7)  150(9) 59(6)  -16(8) -10(5)  -4(8) 
C(31X) 72(4)  141(5) 91(5)  -16(4) 27(4)  13(4) 
C(32X) 69(6)  120(7) 85(6)  -39(5) 13(6)  15(6) 




Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for C33H46Cl2FeN4, 2.41. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(2) 8143 7635 6313 55 
H(3) 7770 8794 6848 52 
H(4A) 7342 9943 6198 53 
H(4B) 7044 9635 5372 53 
H(6A) 7520 11705 5191 75 
H(6B) 7613 11266 6091 75 
H(6C) 7131 11351 5637 75 
H(9) 7334 12599 2748 85 
H(10) 8048 12905 2806 95 
H(11) 8565 12059 3498 87 
H(13) 6901 10939 3805 74 
H(14A) 6792 12241 4320 129 
H(14B) 6372 11928 3741 129 
H(14C) 6683 12556 3365 129 
H(15A) 6907 10730 2315 114 
H(15B) 6738 11622 2139 114 
H(15C) 6441 10981 2531 114 
H(16) 8352 10168 4404 75 
H(17A) 8775 10419 3308 132 
H(17B) 9065 10200 4180 132 
H(17C) 9023 11107 3870 132 
H(18A) 8369 11058 5567 119 
H(18B) 8777 11494 5264 119 
H(18C) 8813 10588 5578 119 
H(19A) 8040 7679 3948 54 
H(19B) 8097 7015 4679 54 
H(21A) 9085 8592 4700 129 
H(21B) 8657 8872 5065 129 
H(21C) 8663 8788 4061 129 
H(24) 10122 6958 6280 116 
H(25) 10487 7334 5184 129 
H(26) 10122 7612 3859 133 
H(28) 8968 6606 6060 96 
H(29A) 9007 7956 6484 159 
H(29B) 9421 7774 7151 159 
H(29C) 8966 7406 7295 159 
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H(30A) 9500 5667 6561 175 
H(30B) 9276 5989 7347 175 
H(30C) 9739 6313 7195 175 
H(31) 8970 7400 3262 134 
H(32A) 9274 6831 2099 194 
H(32B) 9312 6252 2907 194 
H(32C) 9722 6744 2692 194 
H(33A) 9282 8637 3271 167 
H(33B) 9188 8279 2330 167 
H(33C) 9666 8275 2816 167 
H(24B) 10104 7830 6463 119 
H(25B) 10565 7490 5503 121 
H(26B) 10270 6876 4226 115 
H(28B) 9028 8067 6186 122 
H(29D) 9607 8910 6721 184 
H(29E) 9761 8237 7407 184 
H(29F) 9305 8660 7420 184 
H(30D) 9020 7283 7421 143 
H(30E) 9434 6813 7188 143 
H(30F) 8990 6754 6576 143 
H(31B) 9148 6404 3690 119 
H(32D) 9235 7698 3094 137 
H(32E) 9225 7020 2382 137 
H(32F) 9672 7410 2767 137 
H(33D) 9536 5675 2807 134 
H(33E) 9680 5467 3787 134 

























































































































































Table 1.  Crystal data and structure refinement for C76H112Br6Fe2N6O2, 2.54. 
Identification code  C76H112Br6Fe2N6O2 
Empirical formula  C76 H112 Br6 Fe2 N6 O2 
Formula weight  1732.88 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 8.6131(6) Å = 77.059(4)°. 
 b = 13.9665(10) Å = 78.151(4)°. 
 c = 17.5297(13) Å  = 86.779(4)°. 
Volume 2011.3(3) Å3 
Z 1 
Density (calculated) 1.431 Mg/m3 
Absorption coefficient 3.386 mm-1 
F(000) 888 
Crystal size 0.12 x 0.05 x 0.04 mm3 
Theta range for data collection 1.22 to 28.38°. 
Index ranges -11<=h<=11, -8<=k<=18, -23<=l<=23 
Reflections collected 34552 
Independent reflections 9998 [R(int) = 0.0908] 
Completeness to theta = 28.38° 98.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8764 and 0.6867 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9998 / 19 / 432 
Goodness-of-fit on F2 0.964 
Final R indices [I>2sigma(I)] R1 = 0.0518, wR2 = 0.0906 
R indices (all data) R1 = 0.1241, wR2 = 0.1104 
Extinction coefficient na 
Largest diff. peak and hole 0.775 and -0.531 e.Å-3 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for C76H112Br6Fe2N6O2, 2.54.  U(eq) is defined as one third of  the trace of the orthogonalized Uij 
tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Fe(4) 5957(1) 9012(1) 528(1) 26(1) 
Br(1) 6029(1) 10853(1) 372(1) 32(1) 
Br(2) 8592(1) 8494(1) 22(1) 34(1) 
Br(3) 4607(1) 8204(1) 1825(1) 42(1) 
N(1) -1803(4) 4744(2) 8070(2) 19(1) 
N(2) 3207(4) 2522(2) 5884(2) 21(1) 
N(3) 235(4) 1562(2) 8029(2) 24(1) 
C(1) -2885(5) 5480(3) 8324(2) 21(1) 
C(2) -2238(5) 6371(3) 8363(2) 22(1) 
C(3) -3280(5) 7132(3) 8518(2) 27(1) 
C(4) -4890(6) 7040(3) 8593(2) 28(1) 
C(5) -5498(5) 6172(3) 8539(2) 28(1) 
C(6) -4519(5) 5363(3) 8414(2) 23(1) 
C(7) -480(5) 6438(3) 8327(2) 25(1) 
C(8) -146(5) 6001(3) 9158(3) 33(1) 
C(9) 187(5) 7479(3) 8027(3) 32(1) 
C(10) -5266(5) 4427(3) 8374(3) 30(1) 
C(11) -6060(6) 4566(3) 7657(3) 44(1) 
C(12) -6458(6) 4023(3) 9143(3) 49(2) 
C(13) -1648(5) 3898(3) 8510(2) 20(1) 
C(14) -2425(5) 3544(3) 9370(2) 26(1) 
C(15) -606(5) 3189(3) 8103(2) 17(1) 
C(16) -647(5) 2192(3) 8423(2) 22(1) 
C(17) 1229(5) 1874(3) 7330(2) 23(1) 
C(18) 1322(5) 2871(3) 6973(2) 18(1) 
C(19) 386(5) 3519(3) 7366(2) 18(1) 
C(20) 2443(5) 3200(3) 6188(2) 19(1) 
C(21) 2549(5) 4281(3) 5837(2) 27(1) 
C(22) 4323(5) 2748(3) 5146(2) 23(1) 
C(23) 5938(5) 2725(3) 5170(2) 27(1) 
C(24) 7034(6) 2891(3) 4455(3) 36(1) 
C(25) 6545(6) 3060(3) 3729(3) 39(1) 
C(26) 4955(6) 3058(3) 3710(2) 32(1) 
C(27) 3807(5) 2905(3) 4417(2) 24(1) 
C(28) 6503(5) 2560(3) 5956(3) 30(1) 
C(29) 7836(6) 1810(4) 6015(3) 54(2) 
C(30) 6995(7) 3523(4) 6101(3) 50(1) 
C(31) 2055(5) 2896(3) 4371(2) 27(1) 
C(32) 1729(6) 2093(3) 3955(3) 43(1) 
C(33) 1516(6) 3896(3) 3939(3) 37(1) 
C(34) 99(6) 493(3) 8383(3) 39(1) 
O(1S) 7321(11) 182(10) 3092(4) 44(2) 
C(1S) 8590(16) 17(9) 4130(8) 68(4) 
C(2S) 7095(16) 244(8) 3920(6) 65(3) 
C(3S) 6161(11) 696(7) 2719(6) 65(3) 
C(4S) 4594(16) 425(13) 2907(11) 67(4) 
O(1X) 7088(18) 151(19) 3391(9) 44(2) 
C(1X) 9390(20) -45(16) 3895(14) 67(4) 
C(2X) 7750(20) 100(20) 4071(13) 65(3) 
C(3X) 5434(19) 267(11) 3498(9) 65(3) 
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Table 3.   Bond lengths [Å] and angles [°] for  C76H112Br6Fe2N6O2. 
_____________________________________________________ 
Fe(4)-Br(3)  2.3882(8) 
Fe(4)-Br(2)  2.3945(8) 
Fe(4)-Br(1)  2.5280(7) 
Fe(4)-Br(1)#1  2.5286(8) 
Br(1)-Fe(4)#1  2.5285(8) 
N(1)-C(13)  1.275(5) 
N(1)-C(1)  1.432(5) 
N(2)-C(20)  1.276(5) 
N(2)-C(22)  1.427(5) 
N(3)-C(17)  1.339(5) 
N(3)-C(16)  1.346(5) 
N(3)-C(34)  1.484(5) 
C(1)-C(6)  1.398(6) 
C(1)-C(2)  1.413(6) 
C(2)-C(3)  1.389(5) 
C(2)-C(7)  1.510(6) 
C(3)-C(4)  1.376(6) 
C(3)-H(3A)  0.9500 
C(4)-C(5)  1.377(6) 
C(4)-H(4A)  0.9500 
C(5)-C(6)  1.401(6) 
C(5)-H(5A)  0.9500 
C(6)-C(10)  1.510(6) 
C(7)-C(8)  1.527(6) 
C(7)-C(9)  1.533(6) 
C(7)-H(7A)  1.0000 
C(8)-H(8A)  0.9800 
C(8)-H(8B)  0.9800 
C(8)-H(8C)  0.9800 
C(9)-H(9A)  0.9800 
C(9)-H(9B)  0.9800 
C(9)-H(9C)  0.9800 
C(10)-C(11)  1.521(6) 
C(10)-C(12)  1.533(6) 
C(10)-H(10A)  1.0000 
C(11)-H(11A)  0.9800 
C(11)-H(11B)  0.9800 
C(11)-H(11C)  0.9800 
C(12)-H(12A)  0.9800 
C(12)-H(12B)  0.9800 
C(12)-H(12C)  0.9800 
C(13)-C(15)  1.499(5) 
C(13)-C(14)  1.502(5) 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-C(16)  1.379(5) 
C(15)-C(19)  1.391(5) 
C(16)-H(16A)  0.9500 
C(17)-C(18)  1.391(5) 
C(17)-H(17A)  0.9500 
C(18)-C(19)  1.383(5) 
C(18)-C(20)  1.503(5) 
C(19)-H(19A)  0.9500 
C(20)-C(21)  1.498(5) 
C(21)-H(21A)  0.9800 
C(21)-H(21B)  0.9800 
C(21)-H(21C)  0.9800 
C(22)-C(23)  1.398(6) 
C(22)-C(27)  1.406(6) 
C(23)-C(24)  1.387(6) 
C(23)-C(28)  1.520(6) 
C(24)-C(25)  1.389(6) 
C(24)-H(24A)  0.9500 
C(25)-C(26)  1.376(6) 
C(25)-H(25A)  0.9500 
C(26)-C(27)  1.400(6) 
C(26)-H(26A)  0.9500 
C(27)-C(31)  1.529(6) 
C(28)-C(29)  1.514(6) 
C(28)-C(30)  1.521(6) 
C(28)-H(28A)  1.0000 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-H(30A)  0.9800 
C(30)-H(30B)  0.9800 
C(30)-H(30C)  0.9800 
C(31)-C(33)  1.529(6) 
C(31)-C(32)  1.534(6) 
C(31)-H(31A)  1.0000 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9800 
C(33)-H(33A)  0.9800 
C(33)-H(33B)  0.9800 
C(33)-H(33C)  0.9800 
C(34)-H(34A)  0.9800 
C(34)-H(34B)  0.9800 
C(34)-H(34C)  0.9800 
O(1S)-C(3S)  1.386(10) 
O(1S)-C(2S)  1.446(9) 
C(1S)-C(2S)  1.410(12) 
C(1S)-H(1S1)  0.9800 
C(1S)-H(1S2)  0.9800 
C(1S)-H(1S3)  0.9800 
C(2S)-H(2S1)  0.9900 
C(2S)-H(2S2)  0.9900 
C(3S)-C(4S)  1.375(15) 
C(3S)-H(3S1)  0.9900 
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C(3S)-H(3S2)  0.9900 
C(4S)-H(4S1)  0.9800 
C(4S)-H(4S2)  0.9800 




























































































































































































Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,-y+2,-z       
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Table 4.   Anisotropic displacement parameters  (Å2x 103) for C76H112Br6Fe2N6O2, 2.54.  The 
anisotropic displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Fe(4) 36(1)  20(1) 21(1)  -2(1) -4(1)  -2(1) 
Br(1) 50(1)  19(1) 31(1)  -6(1) -15(1)  -2(1) 
Br(2) 36(1)  23(1) 37(1)  -1(1) -1(1)  -1(1) 
Br(3) 67(1)  30(1) 22(1)  -2(1) 3(1)  -6(1) 
N(1) 19(2)  20(2) 15(2)  -4(1) 1(1)  0(1) 
N(2) 23(2)  21(2) 16(2)  -2(1) -2(2)  -2(2) 
N(3) 34(2)  16(2) 16(2)  -2(1) 7(2)  -4(2) 
C(1) 32(3)  18(2) 9(2)  0(2) 2(2)  5(2) 
C(2) 27(3)  23(2) 11(2)  0(2) 2(2)  0(2) 
C(3) 38(3)  20(2) 20(2)  -6(2) -1(2)  -1(2) 
C(4) 37(3)  22(2) 19(2)  -5(2) 3(2)  5(2) 
C(5) 26(3)  30(2) 21(2)  1(2) 4(2)  2(2) 
C(6) 29(3)  20(2) 15(2)  0(2) 2(2)  -2(2) 
C(7) 29(3)  26(2) 18(2)  -7(2) 4(2)  1(2) 
C(8) 28(3)  35(3) 34(3)  -4(2) -3(2)  -1(2) 
C(9) 30(3)  32(3) 30(3)  -5(2) -1(2)  -6(2) 
C(10) 27(3)  25(2) 33(3)  -3(2) 1(2)  2(2) 
C(11) 39(3)  33(3) 64(4)  -9(3) -20(3)  -4(2) 
C(12) 41(3)  28(3) 59(4)  3(2) 22(3)  1(2) 
C(13) 23(2)  24(2) 13(2)  -5(2) -3(2)  0(2) 
C(14) 36(3)  22(2) 16(2)  -3(2) 0(2)  7(2) 
C(15) 20(2)  19(2) 12(2)  -6(2) -2(2)  -1(2) 
C(16) 23(2)  21(2) 20(2)  -4(2) 3(2)  -3(2) 
C(17) 26(3)  22(2) 19(2)  -8(2) 3(2)  2(2) 
C(18) 19(2)  16(2) 18(2)  -4(2) -4(2)  1(2) 
C(19) 21(2)  16(2) 15(2)  0(2) -5(2)  0(2) 
C(20) 22(2)  20(2) 14(2)  -6(2) 0(2)  -6(2) 
C(21) 34(3)  23(2) 17(2)  0(2) 4(2)  -3(2) 
C(22) 30(3)  16(2) 19(2)  -3(2) 7(2)  -1(2) 
C(23) 27(3)  27(2) 22(2)  -4(2) 6(2)  -5(2) 
C(24) 24(3)  40(3) 37(3)  -3(2) 4(2)  0(2) 
C(25) 38(3)  45(3) 23(2)  -4(2) 16(2)  -3(2) 
C(26) 38(3)  36(3) 17(2)  -8(2) 7(2)  0(2) 
C(27) 28(3)  20(2) 19(2)  -3(2) 3(2)  0(2) 
C(28) 22(3)  41(3) 24(2)  -3(2) -1(2)  -4(2) 
C(29) 46(4)  67(4) 40(3)  4(3) -7(3)  3(3) 
C(30) 52(4)  60(4) 44(3)  -13(3) -15(3)  -6(3) 
C(31) 34(3)  30(2) 17(2)  -6(2) -3(2)  -1(2) 
C(32) 46(3)  43(3) 48(3)  -23(3) -14(3)  1(2) 
C(33) 37(3)  36(3) 35(3)  -3(2) -6(2)  -1(2) 
C(34) 63(4)  13(2) 31(3)  -1(2) 13(2)  -7(2) 
O(1S) 67(4)  37(2) 30(6)  -10(5) -15(4)  9(3) 
C(1S) 78(9)  50(6) 90(9)  -20(6) -41(8)  -8(7) 
C(2S) 109(9)  47(5) 51(6)  -31(4) -32(6)  29(6) 
C(3S) 50(6)  79(7) 91(8)  -58(6) -31(6)  17(5) 
C(4S) 72(8)  39(6) 100(9)  -37(6) -21(7)  17(5) 
O(1X) 67(4)  37(2) 30(6)  -10(5) -15(4)  9(3) 
C(1X) 72(8)  39(6) 100(9)  -37(6) -21(7)  17(5) 
C(2X) 50(6)  79(7) 91(8)  -58(6) -31(6)  17(5) 
C(3X) 109(9)  47(5) 51(6)  -31(4) -32(6)  29(6) 






Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for C76H112Br6Fe2N6O2, 2.54. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(3A) -2874 7726 8572 32 
H(4A) -5582 7576 8682 33 
H(5A) -6611 6120 8589 34 
H(7A) 86 6023 7957 30 
H(8A) -743 6370 9540 50 
H(8B) 991 6040 9147 50 
H(8C) -472 5312 9322 50 
H(9A) -28 7754 7493 47 
H(9B) 1335 7456 8003 47 
H(9C) -319 7894 8393 47 
H(10A) -4400 3926 8313 36 
H(11A) -5288 4821 7167 67 
H(11B) -6948 5032 7713 67 
H(11C) -6456 3933 7628 67 
H(12A) -5935 3933 9601 74 
H(12B) -6854 3390 9116 74 
H(12C) -7347 4487 9206 74 
H(14A) -3078 4074 9559 39 
H(14B) -1607 3346 9691 39 
H(14C) -3096 2980 9422 39 
H(16A) -1305 1947 8928 27 
H(17A) 1873 1414 7078 28 
H(19A) 421 4201 7129 21 
H(21A) 3312 4399 5328 40 
H(21B) 2899 4615 6206 40 
H(21C) 1504 4537 5746 40 
H(24A) 8133 2889 4463 43 
H(25A) 7309 3177 3244 47 
H(26A) 4633 3163 3211 38 
H(28A) 5585 2303 6393 36 
H(29A) 7503 1192 5926 81 
H(29B) 8094 1698 6547 81 
H(29C) 8774 2055 5610 81 
H(30A) 6118 4000 6070 76 
H(30B) 7924 3781 5695 76 
H(30C) 7259 3409 6632 76 
H(31A) 1418 2750 4928 33 
H(32A) 2073 1454 4237 64 
H(32B) 2316 2234 3401 64 
H(32C) 590 2077 3961 64 
H(33A) 1724 4404 4210 55 
H(33B) 377 3882 3945 55 
H(33C) 2101 4045 3385 55 
H(34A) 815 130 8034 59 
H(34B) -996 288 8439 59 
H(34C) 389 356 8909 59 
H(1S1) 8511 26 4694 102 
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H(1S2) 9364 504 3799 102 
H(1S3) 8933 -638 4043 102 
H(2S1) 6746 913 3986 78 
H(2S2) 6290 -232 4258 78 
H(3S1) 6177 1379 2791 78 
H(3S2) 6521 725 2141 78 
H(4S1) 3995 882 2561 101 
H(4S2) 4157 441 3466 101 
H(4S3) 4515 -242 2827 101 
H(1X1) 9833 -30 4364 101 
H(1X2) 9861 476 3447 101 
H(1X3) 9617 -684 3752 101 
H(2X1) 7516 720 4262 78 
H(2X2) 7265 -445 4504 78 
H(3X1) 5119 885 3679 78 
H(3X2) 4923 -284 3918 78 
H(4X1) 3746 376 2882 102 
H(4X2) 5197 -322 2612 102 






















































































Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,-y+2,-z      
500 
 





Table 1.  Crystal data and structure refinement for C64H94Cl6Fe2N8, 2.60. 
Identification code  C64H94Cl6Fe2N8 
Empirical formula  C72 H110 Cl6 Fe2 N8 O2 
Formula weight  1444.08 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 2(1)/c 
Unit cell dimensions a = 9.2047(5) Å = 90°. 
 b = 16.1146(9) Å = 95.821(4)°. 
 c = 26.2389(15) Å  = 90°. 
Volume 3871.9(4) Å3 
Z 2 
Density (calculated) 1.239 Mg/m3 
Absorption coefficient 0.628 mm-1 
F(000) 1536 
Crystal size 0.15 x 0.10 x 0.08 mm3 
Theta range for data collection 1.49 to 28.21°. 
Index ranges -12<=h<=12, 0<=k<=21, 0<=l<=34 
Reflections collected 9525 
Independent reflections 9525 [R(int) = 0.0000] 
Completeness to theta = 28.21° 99.8 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9514 and 0.9116 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9525 / 29 / 421 
Goodness-of-fit on F2 1.028 
Final R indices [I>2sigma(I)] R1 = 0.0758, wR2 = 0.1602 
R indices (all data) R1 = 0.1592, wR2 = 0.1861 
Extinction coefficient na 
Largest diff. peak and hole 0.638 and -0.542 e.Å-3 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for C64H94Cl6Fe2N8, 2.60. U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Fe(1) 3922(1) 719(1) 4721(1) 38(1) 
Cl(1) 1539(1) 549(1) 4798(1) 36(1) 
Cl(2) 4726(1) -592(1) 4457(1) 44(1) 
Cl(3) 4802(1) 1788(1) 4290(1) 60(1) 
N(1) 9512(3) 1605(2) 3886(1) 24(1) 
N(2) 9944(3) 2355(2) 4648(1) 26(1) 
N(3) 9013(3) 865(2) 3154(1) 26(1) 
N(4) 10458(4) 2991(2) 5417(1) 37(1) 
C(1) 9257(4) 1783(2) 4363(1) 24(1) 
C(2) 10666(5) 2052(2) 3645(2) 38(1) 
C(3) 10889(5) 2899(3) 3886(2) 43(1) 
C(4) 11115(4) 2849(2) 4460(1) 33(1) 
C(5) 8772(4) 930(2) 3615(1) 24(1) 
C(6) 7834(4) 390(2) 3915(1) 30(1) 
C(7) 8284(4) 239(2) 2834(1) 28(1) 
C(8) 6810(5) 328(3) 2663(1) 38(1) 
C(9) 6189(5) -277(3) 2324(2) 46(1) 
C(10) 6996(5) -926(3) 2169(2) 47(1) 
C(11) 8453(5) -993(3) 2343(2) 41(1) 
C(12) 9142(4) -413(2) 2675(1) 32(1) 
C(13) 10730(4) -478(2) 2865(1) 33(1) 
C(14) 11648(5) -923(3) 2493(2) 57(1) 
C(15) 10947(5) -898(3) 3392(2) 44(1) 
C(16) 5925(5) 1077(3) 2805(2) 45(1) 
C(17) 4323(6) 888(4) 2848(2) 81(2) 
C(18) 6130(7) 1792(3) 2444(2) 79(2) 
C(19) 9697(4) 2447(2) 5182(1) 31(1) 
C(20) 8591(5) 1875(2) 5375(2) 40(1) 
C(21) 10398(5) 3145(2) 5955(2) 45(1) 
C(22) 9362(6) 3700(3) 6105(2) 53(1) 
C(23) 9391(7) 3868(3) 6632(2) 63(2) 
C(24) 10408(7) 3517(3) 6977(2) 69(2) 
C(25) 11435(6) 2979(3) 6821(2) 59(1) 
C(26) 11458(6) 2782(3) 6298(2) 47(1) 
C(27) 8263(6) 4112(3) 5724(2) 60(2) 
C(28) 8290(8) 5036(4) 5835(3) 67(2) 
C(29) 6816(8) 3734(5) 5794(4) 95(3) 
C(28X) 8912(18) 4788(9) 5361(6) 48(5) 
C(29X) 6860(17) 4593(12) 5837(7) 58(6) 
C(30) 12619(6) 2228(3) 6112(2) 50(1) 
C(31) 13450(6) 1704(3) 6535(2) 62(2) 
C(32) 13713(6) 2745(3) 5838(2) 56(1) 
O(1S) 7993(10) 4021(6) 3900(4) 112(3) 
C(2S) 7516(14) 4872(7) 3914(5) 77(4) 
C(3S) 6070(13) 4816(7) 4129(5) 99(4) 
C(4S) 5643(10) 3954(5) 4151(4) 61(3) 
C(5S) 6712(11) 3512(7) 3845(5) 74(3) 
O(1T) 8143(9) 4084(5) 4435(3) 83(3) 
C(2T) 7608(14) 4933(7) 4389(4) 75(4) 
C(3T) 6942(16) 4928(7) 3838(4) 58(4) 
C(4T) 6305(16) 4077(8) 3783(5) 94(5) 
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Table 3.   Bond lengths [Å] and angles [°] for C64H94Cl6Fe2N8, 2.60. 
_____________________________________________________
Fe(1)-Cl(1)  2.2399(11) 
Fe(1)-Cl(3)  2.2552(12) 
Fe(1)-Cl(2)  2.3648(12) 
Fe(1)-Cl(2)#1  2.3874(13) 
Cl(2)-Fe(1)#1  2.3874(13) 
N(1)-C(1)  1.329(4) 
N(1)-C(5)  1.433(4) 
N(1)-C(2)  1.478(4) 
N(2)-C(1)  1.309(4) 
N(2)-C(19)  1.448(4) 
N(2)-C(4)  1.467(4) 
N(3)-C(5)  1.257(4) 
N(3)-C(7)  1.434(5) 
N(4)-C(19)  1.245(5) 
N(4)-C(21)  1.440(5) 
C(1)-H(1A)  0.9500 
C(2)-C(3)  1.509(5) 
C(2)-H(2A)  0.9900 
C(2)-H(2B)  0.9900 
C(3)-C(4)  1.501(5) 
C(3)-H(3B)  0.9900 
C(3)-H(3C)  0.9900 
C(4)-H(4B)  0.9900 
C(4)-H(4C)  0.9900 
C(5)-C(6)  1.502(5) 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-C(8)  1.392(5) 
C(7)-C(12)  1.403(5) 
C(8)-C(9)  1.404(6) 
C(8)-C(16)  1.523(6) 
C(9)-C(10)  1.368(6) 
C(9)-H(9A)  0.9500 
C(10)-C(11)  1.376(6) 
C(10)-H(10A)  0.9500 
C(11)-C(12)  1.386(6) 
C(11)-H(11A)  0.9500 
C(12)-C(13)  1.500(6) 
C(13)-C(14)  1.533(5) 
C(13)-C(15)  1.534(5) 
C(13)-H(13A)  1.0000 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(16)-C(18)  1.516(7) 
C(16)-C(17)  1.521(7) 
C(16)-H(16A)  1.0000 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-C(20)  1.501(5) 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-C(26)  1.388(7) 
C(21)-C(22)  1.393(6) 
C(22)-C(23)  1.406(6) 
C(22)-C(27)  1.502(8) 
C(23)-C(24)  1.359(8) 
C(23)-H(23A)  0.9500 
C(24)-C(25)  1.375(8) 
C(24)-H(24A)  0.9500 
C(25)-C(26)  1.412(6) 
C(25)-H(25A)  0.9500 
C(26)-C(30)  1.511(7) 
C(27)-C(29)  1.493(8) 
C(27)-C(28)  1.516(8) 
C(27)-C(29X)  1.559(14) 
C(27)-C(28X)  1.601(13) 
C(27)-H(27)  1.0000 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(28X)-H(28D)  0.9800 
C(28X)-H(28E)  0.9800 
C(28X)-H(28F)  0.9800 
C(29X)-H(29D)  0.9800 
C(29X)-H(29E)  0.9800 
C(29X)-H(29F)  0.9800 
C(30)-C(31)  1.535(7) 
C(30)-C(32)  1.542(6) 
C(30)-H(30A)  1.0000 
C(31)-H(31A)  0.9800 
C(31)-H(31B)  0.9800 
C(31)-H(31C)  0.9800 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9800 
O(1S)-C(5S)  1.432(10) 
O(1S)-C(2S)  1.441(11) 
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C(2S)-C(3S)  1.501(12) 
C(2S)-H(2S1)  0.9900 
C(2S)-H(2S2)  0.9900 
C(3S)-C(4S)  1.448(13) 
C(3S)-H(3S1)  0.9900 
C(3S)-H(3S2)  0.9900 
C(4S)-C(5S)  1.510(11) 
C(4S)-H(4S1)  0.9900 
C(4S)-H(4S2)  0.9900 
C(5S)-H(5S1)  0.9900 
C(5S)-H(5S2)  0.9900 
O(1T)-C(5T)  1.404(10) 
O(1T)-C(2T)  1.456(11) 
C(2T)-C(3T)  1.512(12) 
C(2T)-H(2T1)  0.9900 
C(2T)-H(2T2)  0.9900 
C(3T)-C(4T)  1.492(14) 
C(3T)-H(3T1)  0.9900 
C(3T)-H(3T2)  0.9900 
C(4T)-C(5T)  1.518(12) 
C(4T)-H(4T1)  0.9900 
C(4T)-H(4T2)  0.9900 
C(5T)-H(5T1)  0.9900 















































































































































































































































Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,-y,-z+1       
 
 
Table 4.   Anisotropic displacement parameters (Å2x 103) for C64H94Cl6Fe2N8, 2.60. The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Fe(1) 27(1)  37(1) 52(1)  10(1) 12(1)  -1(1) 
Cl(1) 25(1)  41(1) 43(1)  14(1) 6(1)  2(1) 
Cl(2) 33(1)  45(1) 55(1)  -4(1) 6(1)  1(1) 
Cl(3) 56(1)  43(1) 87(1)  18(1) 36(1)  -3(1) 
N(1) 30(2)  26(2) 15(2)  3(1) 4(1)  -1(1) 
N(2) 40(2)  21(2) 18(2)  0(1) 9(1)  -2(1) 
N(3) 30(2)  30(2) 18(2)  2(1) 2(1)  2(1) 
N(4) 59(2)  30(2) 25(2)  -9(1) 20(2)  -13(2) 
C(1) 34(2)  22(2) 17(2)  3(2) 8(2)  5(2) 
C(2) 52(3)  44(2) 19(2)  0(2) 13(2)  -13(2) 
C(3) 65(3)  41(2) 24(2)  0(2) 12(2)  -21(2) 
C(4) 45(3)  32(2) 22(2)  0(2) 14(2)  -10(2) 
C(5) 27(2)  29(2) 17(2)  2(2) 2(2)  4(2) 
C(6) 33(2)  40(2) 18(2)  -4(2) 5(2)  -7(2) 
C(7) 37(2)  35(2) 13(2)  2(2) 4(2)  -5(2) 
C(8) 46(3)  53(3) 15(2)  3(2) 1(2)  -4(2) 
C(9) 44(3)  69(3) 23(2)  -2(2) -2(2)  -5(2) 
C(10) 65(3)  56(3) 20(2)  -8(2) 4(2)  -14(2) 
C(11) 58(3)  42(2) 24(2)  -3(2) 12(2)  -5(2) 
C(12) 45(3)  40(2) 12(2)  0(2) 11(2)  -6(2) 
C(13) 43(3)  29(2) 29(2)  -1(2) 11(2)  -1(2) 
C(14) 60(3)  57(3) 60(3)  -14(2) 29(3)  5(2) 
C(15) 43(3)  45(3) 46(3)  10(2) 6(2)  3(2) 
C(16) 36(3)  69(3) 28(2)  -7(2) -10(2)  7(2) 
C(17) 43(3)  113(5) 86(4)  -24(4) 5(3)  5(3) 
C(18) 99(5)  74(4) 66(4)  15(3) 15(3)  41(3) 
C(19) 53(3)  21(2) 21(2)  -2(2) 14(2)  -3(2) 
C(20) 66(3)  37(2) 20(2)  -9(2) 23(2)  -19(2) 
C(21) 82(3)  32(2) 27(2)  -13(2) 32(2)  -30(2) 
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C(22) 77(4)  40(3) 49(3)  -23(2) 39(3)  -32(2) 
C(23) 93(4)  55(3) 47(3)  -34(3) 44(3)  -39(3) 
C(24) 122(5)  54(3) 36(3)  -31(3) 37(3)  -40(3) 
C(25) 104(4)  48(3) 26(2)  -15(2) 17(3)  -35(3) 
C(26) 87(4)  32(2) 26(2)  -13(2) 26(2)  -25(2) 
C(27) 68(4)  53(3) 65(4)  -35(3) 35(3)  -15(3) 
C(28) 72(5)  53(4) 78(6)  -7(4) 14(4)  -16(4) 
C(29) 66(6)  71(6) 149(9)  -27(6) 18(5)  -30(4) 
C(28X) 65(13)  30(9) 47(11)  20(8) 3(9)  2(8) 
C(29X) 38(11)  80(15) 54(12)  -9(10) -2(9)  1(9) 
C(30) 87(4)  41(3) 22(2)  -4(2) 11(2)  -23(2) 
C(31) 103(4)  53(3) 31(3)  -9(2) 9(3)  -26(3) 




Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for C64H94Cl6Fe2N8, 2.60. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(1A) 8524 1472 4508 29 
H(2A) 10380 2111 3272 45 
H(2B) 11589 1734 3692 45 
H(3B) 11749 3166 3758 51 
H(3C) 10025 3249 3783 51 
H(4B) 12072 2590 4567 39 
H(4C) 11114 3415 4607 39 
H(6A) 7384 -46 3692 45 
H(6B) 7069 728 4046 45 
H(6C) 8438 137 4203 45 
H(9A) 5187 -235 2198 55 
H(10A) 6551 -1332 1942 56 
H(11A) 9000 -1447 2233 49 
H(13A) 11116 100 2909 39 
H(14A) 11515 -649 2158 86 
H(14B) 11336 -1504 2457 86 
H(14C) 12681 -902 2627 86 
H(15A) 10364 -608 3630 67 
H(15B) 11981 -875 3524 67 
H(15C) 10633 -1478 3360 67 
H(16A) 6351 1258 3153 54 
H(17A) 4245 428 3088 121 
H(17B) 3846 732 2511 121 
H(17C) 3845 1381 2972 121 
H(18A) 7175 1896 2433 118 
H(18B) 5664 2291 2567 118 
H(18C) 5683 1652 2100 118 
H(20A) 8512 1989 5738 59 
H(20B) 8898 1298 5335 59 
H(20C) 7640 1963 5179 59 
H(23A) 8685 4233 6749 75 
H(24A) 10410 3644 7331 82 
H(25A) 12136 2737 7068 71 
H(27) 8516 4009 5368 72 
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H(28A) 7867 5140 6157 101 
H(28B) 7720 5330 5555 101 
H(28C) 9301 5235 5865 101 
H(29A) 6936 3317 6067 142 
H(29B) 6416 3471 5474 142 
H(29C) 6145 4168 5888 142 
H(28D) 9831 4582 5250 71 
H(28E) 9092 5308 5551 71 
H(28F) 8210 4886 5061 71 
H(29D) 6301 4256 6059 87 
H(29E) 6260 4706 5514 87 
H(29F) 7137 5118 6008 87 
H(30A) 12122 1836 5855 60 
H(31A) 12755 1372 6708 93 
H(31B) 13993 2071 6784 93 
H(31C) 14134 1335 6383 93 
H(32A) 13182 3078 5567 84 
H(32B) 14393 2373 5686 84 
H(32C) 14260 3113 6085 84 
H(2S1) 7406 5117 3566 92 
H(2S2) 8215 5211 4137 92 
H(3S1) 6146 5061 4477 118 
H(3S2) 5324 5131 3909 118 
H(4S1) 4627 3873 3996 73 
H(4S2) 5725 3752 4509 73 
H(5S1) 6928 2948 3984 89 
H(5S2) 6320 3465 3481 89 
H(2T1) 8412 5342 4445 90 
H(2T2) 6869 5047 4629 90 
H(3T1) 6177 5359 3777 69 
H(3T2) 7693 5016 3599 69 
H(4T1) 6636 3791 3482 113 
H(4T2) 5225 4100 3745 113 
H(5T1) 6154 3670 4532 65 
































































































Symmetry transformations used to generate equivalent atoms:  





A1.3    X-Ray Crystallography Data from Chapter 3 





Table 1.  Crystal data and structure refinement for C32H46Cl2FeN4, 3.19 at 100 K. 
Identification code  C32H46Cl2FeN4 
Empirical formula  C34.25 H50.50 Cl6.50 Fe N4 
Formula weight  804.56 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Tetragonal 
Space group  I 4(1)/a 
Unit cell dimensions a = 21.4058(9) Å = 90°. 
 b = 21.4058(9) Å = 90°. 
 c = 35.1534(16) Å  = 90°. 
Volume 16107.6(12) Å3 
Z 16 
Density (calculated) 1.327 Mg/m3 
Absorption coefficient 0.834 mm-1 
F(000) 6728 
Crystal size 0.15 x 0.14 x 0.14 mm3 
Theta range for data collection 1.35 to 32.15°. 
Index ranges -28<=h<=32, -31<=k<=32, -52<=l<=52 
Reflections collected 147766 
Independent reflections 14118 [R(int) = 0.0433] 
Completeness to theta = 32.15° 99.8 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8921 and 0.8850 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 14118 / 1 / 417 
Goodness-of-fit on F2 1.078 
Final R indices [I>2sigma(I)] R1 = 0.0433, wR2 = 0.1152 
R indices (all data) R1 = 0.0559, wR2 = 0.1253 
Extinction coefficient na 




Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for C32H46Cl2FeN4, 3.19 at 100 K.  U(eq) is defined as one third of  the trace of the orthogonalized Uij 
tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Fe(1) 2845(1) 5034(1) -459(1) 18(1) 
Cl(2) 2333(1) 5144(1) -1024(1) 28(1) 
Cl(1) 3905(1) 5018(1) -603(1) 24(1) 
N(3) 2691(1) 5924(1) -289(1) 23(1) 
N(4) 2662(1) 4116(1) -370(1) 17(1) 
N(1) 2986(1) 5494(1) 268(1) 22(1) 
N(2) 2955(1) 4399(1) 222(1) 18(1) 
C(1) 2947(1) 4970(1) 51(1) 19(1) 
C(2) 3124(1) 5479(1) 678(1) 27(1) 
C(3) 3450(1) 4871(1) 770(1) 26(1) 
C(4) 3072(1) 4316(1) 632(1) 23(1) 
C(5) 2777(1) 3932(1) -23(1) 17(1) 
C(6) 2717(1) 3286(1) 129(1) 24(1) 
C(7) 2499(1) 3646(1) -647(1) 17(1) 
C(8) 2973(1) 3288(1) -817(1) 19(1) 
C(9) 2793(1) 2824(1) -1076(1) 24(1) 
C(10) 2173(1) 2716(1) -1160(1) 26(1) 
C(11) 1714(1) 3076(1) -993(1) 26(1) 
C(12) 1865(1) 3550(1) -734(1) 21(1) 
C(13) 3664(1) 3376(1) -731(1) 20(1) 
C(14) 3962(1) 2788(1) -567(1) 24(1) 
C(15) 4023(1) 3580(1) -1087(1) 26(1) 
C(16) 1347(1) 3921(1) -546(1) 26(1) 
C(17) 1005(1) 3522(2) -252(1) 41(1) 
C(18) 882(1) 4183(1) -836(1) 35(1) 
C(19) 2825(1) 6021(1) 68(1) 24(1) 
C(20) 2792(2) 6626(1) 276(1) 36(1) 
C(21) 2471(1) 6440(1) -513(1) 26(1) 
C(22) 1824(2) 6577(1) -507(1) 35(1) 
C(23) 1614(2) 7080(1) -722(1) 41(1) 
C(24) 2023(2) 7433(1) -940(1) 35(1) 
C(25) 2645(1) 7285(1) -948(1) 31(1) 
C(26) 2889(1) 6785(1) -736(1) 26(1) 
C(27) 1358(2) 6192(2) -281(1) 46(1) 
C(28) 869(2) 5893(2) -533(1) 63(1) 
C(29) 1044(2) 6590(2) 31(1) 59(1) 
C(30) 3578(1) 6638(1) -764(1) 30(1) 
C(31) 3744(2) 6432(1) -1170(1) 42(1) 
C(32) 3981(2) 7191(1) -639(1) 40(1) 
C(1S) 4960(2) 4164(1) 26(1) 46(1) 
C(2S) 2102(2) 6390(2) -1674(1) 39(1) 
Cl(4S) 4523(1) 3632(1) 298(1) 45(1) 
Cl(3S) 5461(1) 3769(1) -298(1) 64(1) 
Cl(6S) 2458(1) 6055(1) -2076(1) 59(1) 
Cl(5S) 1297(1) 6329(1) -1705(1) 85(1) 
C(3S) 112(11) 2957(10) 1062(4) 59 
Cl(7S) 28(9) 2573(7) 630(2) 116(2) 







able 3.   Bond lengths [Å] and angles [°] for  C32H46Cl2FeN4, 3.19 at 100 K. 
_____________________________________________________ 
Fe(1)-C(1)  1.8116(18) 
Fe(1)-N(3)  2.0234(18) 
Fe(1)-N(4)  2.0283(17) 
Fe(1)-Cl(2)  2.2803(6) 
Fe(1)-Cl(1)  2.3250(6) 
N(3)-C(19)  1.305(3) 
N(3)-C(21)  1.436(3) 
N(4)-C(5)  1.306(2) 
N(4)-C(7)  1.442(2) 
N(1)-C(1)  1.360(3) 
N(1)-C(19)  1.372(3) 
N(1)-C(2)  1.470(3) 
N(2)-C(1)  1.360(3) 
N(2)-C(5)  1.374(3) 
N(2)-C(4)  1.477(3) 
C(2)-C(3)  1.513(4) 
C(2)-H(2A)  0.9900 
C(2)-H(2B)  0.9900 
C(3)-C(4)  1.518(3) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-C(6)  1.486(3) 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-C(8)  1.406(3) 
C(7)-C(12)  1.406(3) 
C(8)-C(9)  1.402(3) 
C(8)-C(13)  1.520(3) 
C(9)-C(10)  1.379(3) 
C(9)-H(9A)  0.9500 
C(10)-C(11)  1.380(3) 
C(10)-H(10A)  0.9500 
C(11)-C(12)  1.400(3) 
C(11)-H(11A)  0.9500 
C(12)-C(16)  1.517(3) 
C(13)-C(14)  1.526(3) 
C(13)-C(15)  1.531(3) 
C(13)-H(13A)  1.0000 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(16)-C(17)  1.529(4) 
C(16)-C(18)  1.529(4) 
C(16)-H(16A)  1.0000 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-C(20)  1.488(3) 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-C(26)  1.399(3) 
C(21)-C(22)  1.415(4) 
C(22)-C(23)  1.391(4) 
C(22)-C(27)  1.518(4) 
C(23)-C(24)  1.387(4) 
C(23)-H(23A)  0.9500 
C(24)-C(25)  1.369(4) 
C(24)-H(24A)  0.9500 
C(25)-C(26)  1.405(3) 
C(25)-H(25A)  0.9500 
C(26)-C(30)  1.511(4) 
C(27)-C(28)  1.516(6) 
C(27)-C(29)  1.543(5) 
C(27)-H(27A)  1.0000 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-C(32)  1.528(4) 
C(30)-C(31)  1.535(4) 
C(30)-H(30A)  1.0000 
C(31)-H(31A)  0.9800 
C(31)-H(31B)  0.9800 
C(31)-H(31C)  0.9800 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9800 
C(1S)-Cl(4S)  1.758(4) 
C(1S)-Cl(3S)  1.777(4) 
C(1S)-H(1SA)  0.9900 
C(1S)-H(1SB)  0.9900 
C(2S)-Cl(5S)  1.733(3) 
C(2S)-Cl(6S)  1.756(3) 
C(2S)-H(2SA)  0.9900 
C(2S)-H(2SB)  0.9900 
C(3S)-Cl(8S)  1.711(17) 
C(3S)-Cl(7S)  1.733(17) 
C(3S)-H(3S1)  0.9900 

































































































































































































Symmetry transformations used to generate equivalent atoms:  
 
 
Table 4.   Anisotropic displacement parameters  (Å2x 103) for C32H46Cl2FeN4, 3.19 at 100 K.  The 
anisotropic displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Fe(1) 29(1)  15(1) 11(1)  0(1) 1(1)  -2(1) 
Cl(2) 47(1)  24(1) 13(1)  0(1) -5(1)  2(1) 
Cl(1) 28(1)  19(1) 26(1)  1(1) 4(1)  -4(1) 
N(3) 38(1)  16(1) 16(1)  0(1) 2(1)  -1(1) 
N(4) 23(1)  16(1) 12(1)  -1(1) 0(1)  -1(1) 
N(1) 36(1)  19(1) 12(1)  -2(1) 0(1)  -6(1) 
N(2) 26(1)  20(1) 10(1)  2(1) -1(1)  -4(1) 
C(1) 28(1)  17(1) 11(1)  0(1) -1(1)  -5(1) 
C(2) 42(1)  27(1) 11(1)  -4(1) 1(1)  -7(1) 
C(3) 28(1)  36(1) 13(1)  -2(1) -1(1)  -4(1) 
C(4) 30(1)  27(1) 10(1)  2(1) 0(1)  0(1) 
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C(5) 22(1)  16(1) 14(1)  1(1) 0(1)  1(1) 
C(6) 34(1)  18(1) 18(1)  4(1) 4(1)  -1(1) 
C(7) 22(1)  16(1) 13(1)  -1(1) 0(1)  -2(1) 
C(8) 25(1)  18(1) 14(1)  -1(1) 1(1)  -2(1) 
C(9) 28(1)  21(1) 21(1)  -6(1) 3(1)  0(1) 
C(10) 31(1)  24(1) 23(1)  -7(1) 1(1)  -5(1) 
C(11) 27(1)  29(1) 22(1)  -6(1) -1(1)  -7(1) 
C(12) 22(1)  23(1) 18(1)  -3(1) 0(1)  -2(1) 
C(13) 24(1)  18(1) 17(1)  0(1) 2(1)  -2(1) 
C(14) 30(1)  19(1) 24(1)  1(1) 0(1)  1(1) 
C(15) 28(1)  29(1) 22(1)  2(1) 2(1)  -5(1) 
C(16) 24(1)  33(1) 22(1)  -5(1) -1(1)  1(1) 
C(17) 28(1)  64(2) 32(1)  1(1) 8(1)  4(1) 
C(18) 29(1)  41(1) 35(1)  -5(1) -9(1)  5(1) 
C(19) 36(1)  18(1) 18(1)  -3(1) 2(1)  -6(1) 
C(20) 62(2)  20(1) 25(1)  -8(1) -2(1)  -7(1) 
C(21) 46(1)  16(1) 17(1)  -1(1) 1(1)  0(1) 
C(22) 47(2)  25(1) 31(1)  1(1) 6(1)  4(1) 
C(23) 50(2)  30(1) 43(2)  0(1) -1(1)  9(1) 
C(24) 56(2)  22(1) 27(1)  1(1) -3(1)  7(1) 
C(25) 53(2)  20(1) 18(1)  1(1) -1(1)  -3(1) 
C(26) 43(1)  17(1) 17(1)  0(1) -1(1)  -1(1) 
C(27) 46(2)  36(1) 57(2)  13(1) 17(2)  8(1) 
C(28) 67(2)  40(2) 81(3)  -12(2) 22(2)  -10(2) 
C(29) 59(2)  66(2) 51(2)  -1(2) 17(2)  -1(2) 
C(30) 44(1)  20(1) 26(1)  4(1) 4(1)  -2(1) 
C(31) 58(2)  33(1) 36(1)  1(1) 17(1)  6(1) 
C(32) 45(2)  29(1) 46(2)  6(1) -3(1)  -4(1) 
C(1S) 55(2)  27(1) 56(2)  4(1) -20(2)  -9(1) 
C(2S) 46(2)  42(2) 29(1)  -5(1) 1(1)  -4(1) 
Cl(4S) 39(1)  54(1) 43(1)  1(1) 5(1)  0(1) 
Cl(3S) 47(1)  100(1) 45(1)  -1(1) 8(1)  -30(1) 
Cl(6S) 80(1)  60(1) 37(1)  -9(1) 10(1)  14(1) 




Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for C32H46Cl2FeN4, 3.19 at 100 K. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(2A) 2731 5511 825 32 
H(2B) 3394 5836 747 32 
H(3A) 3512 4840 1048 31 
H(3B) 3867 4866 647 31 
H(4A) 3305 3923 677 27 
H(4B) 2671 4293 772 27 
H(6A) 2595 3003 -77 35 
H(6B) 2398 3278 329 35 
H(6C) 3119 3152 235 35 
H(9A) 3105 2577 -1195 28 
H(10A) 2062 2395 -1334 31 
H(11A) 1289 3001 -1055 31 
H(13A) 3703 3716 -537 24 
518 
 
H(14A) 4406 2865 -518 36 
H(14B) 3919 2444 -749 36 
H(14C) 3754 2677 -328 36 
H(15A) 4466 3632 -1024 39 
H(15B) 3854 3977 -1180 39 
H(15C) 3979 3260 -1285 39 
H(16A) 1542 4282 -410 31 
H(17A) 1306 3357 -67 62 
H(17B) 795 3173 -380 62 
H(17C) 694 3778 -119 62 
H(18A) 1107 4430 -1026 53 
H(18B) 578 4448 -705 53 
H(18C) 665 3837 -961 53 
H(20A) 2668 6958 99 54 
H(20B) 3203 6724 383 54 
H(20C) 2484 6595 481 54 
H(23A) 1183 7185 -719 49 
H(24A) 1872 7778 -1084 42 
H(25A) 2919 7526 -1102 37 
H(27A) 1595 5849 -152 55 
H(28A) 1075 5657 -737 94 
H(28B) 604 6218 -645 94 
H(28C) 610 5609 -381 94 
H(29A) 740 6333 169 88 
H(29B) 829 6945 -86 88 
H(29C) 1362 6743 208 88 
H(30A) 3668 6281 -589 36 
H(31A) 3485 6073 -1241 63 
H(31B) 4185 6313 -1181 63 
H(31C) 3666 6777 -1347 63 
H(32A) 3866 7314 -380 60 
H(32B) 3913 7543 -812 60 
H(32C) 4422 7070 -645 60 
H(1SA) 5213 4429 197 55 
H(1SB) 4672 4439 -117 55 
H(2SA) 2250 6176 -1442 47 
H(2SB) 2222 6836 -1656 47 
H(3S1) 444 3277 1038 71 

















































































































Symmetry transformations used to generate equivalent atoms:  








Table 1.  Crystal data and structure refinement for 3.19 at 150K. 
Identification code  C32H46Cl2FeN4(CH2Cl2)2_150K 
Empirical formula  C34 H50 Cl6 Fe N4 
Formula weight  783.33 
Temperature  150(2) K 
Wavelength  1.54178 Å 
Crystal system  Tetragonal 
Space group  I 4(1)/a 
Unit cell dimensions a = 21.3621(4) Å = 90°. 
 b = 21.3621(4) Å = 90°. 
 c = 35.3633(7) Å  = 90°. 
Volume 16137.7(5) Å3 
Z 16 
Density (calculated) 1.290 Mg/m3 
Absorption coefficient 6.863 mm-1 
F(000) 6560 
Crystal size 0.38 x 0.25 x 0.12 mm3 
Theta range for data collection 2.42 to 68.25°. 
Index ranges -25<=h<=24, -25<=k<=18, -42<=l<=41 
Reflections collected 78662 
Independent reflections 7133 [R(int) = 0.0460] 
Completeness to theta = 68.25° 96.6 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.4931 and 0.1801 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7133 / 2 / 425 
Goodness-of-fit on F2 1.029 
Final R indices [I>2sigma(I)] R1 = 0.0415, wR2 = 0.1133 
R indices (all data) R1 = 0.0455, wR2 = 0.1170 
Extinction coefficient na 
Largest diff. peak and hole 0.615 and -0.356 e.Å-3 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for 3.19 at 150K.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Fe(1) 2817(1) 5043(1) -464(1) 27(1) 
Cl(1) 3883(1) 5029(1) -591(1) 40(1) 
Cl(2) 2315(1) 5157(1) -1026(1) 42(1) 
N(1) 2947(1) 5497(1) 264(1) 30(1) 
N(2) 2922(1) 4402(1) 214(1) 28(1) 
N(3) 2657(1) 5937(1) -288(1) 29(1) 
N(4) 2636(1) 4116(1) -375(1) 24(1) 
C(1) 2910(1) 4972(1) 49(1) 29(1) 
C(2) 3088(1) 5478(1) 672(1) 35(1) 
C(3) 3421(1) 4874(1) 759(1) 35(1) 
C(4) 3047(1) 4315(1) 622(1) 31(1) 
C(5) 2751(1) 3934(1) -31(1) 25(1) 
C(6) 2696(1) 3287(1) 119(1) 34(1) 
C(7) 2478(1) 3643(1) -654(1) 26(1) 
C(8) 2957(1) 3294(1) -823(1) 28(1) 
C(9) 2782(1) 2831(1) -1084(1) 35(1) 
C(10) 2162(1) 2724(1) -1169(1) 39(1) 
C(11) 1703(1) 3078(1) -1002(1) 39(1) 
C(12) 1845(1) 3545(1) -741(1) 32(1) 
C(13) 3644(1) 3386(1) -736(1) 29(1) 
C(14) 3948(1) 2793(1) -576(1) 37(1) 
C(15) 4005(1) 3599(2) -1086(1) 41(1) 
C(16) 1325(1) 3917(2) -551(1) 42(1) 
C(17) 991(2) 3515(2) -259(1) 65(1) 
C(18) 862(2) 4179(2) -838(1) 53(1) 
C(19) 2785(1) 6026(1) 67(1) 31(1) 
C(20) 2751(2) 6630(1) 276(1) 46(1) 
C(21) 2437(1) 6458(1) -512(1) 34(1) 
C(22) 1795(2) 6594(2) -510(1) 44(1) 
C(23) 1592(2) 7099(2) -725(1) 52(1) 
C(24) 2001(2) 7451(2) -937(1) 49(1) 
C(25) 2628(2) 7305(1) -940(1) 42(1) 
C(26) 2865(1) 6804(1) -729(1) 35(1) 
C(27) 1324(2) 6210(2) -286(1) 57(1) 
C(28) 838(2) 5916(2) -543(2) 79(1) 
C(29) 1010(2) 6602(2) 24(1) 80(1) 
C(30) 3551(2) 6654(1) -751(1) 40(1) 
C(31) 3727(2) 6449(2) -1154(1) 59(1) 
C(32) 3958(2) 7200(2) -622(1) 56(1) 
C(1S) 4981(2) 4169(2) 8(1) 69(1) 
Cl(3S) 5451(2) 3792(2) -299(1) 102(1) 
Cl(4S) 4525(1) 3622(2) 290(1) 58(1) 
Cl(3X) 5521(4) 3683(3) -326(2) 35(2) 
Cl(4X) 4600(4) 3867(6) 259(2) 64(2) 
C(2S) 2098(2) 6420(2) -1676(1) 56(1) 
Cl(5S) 1302(1) 6356(3) -1720(1) 92(1) 
Cl(6S) 2482(2) 6104(1) -2079(1) 79(1) 




Table 3.   Bond lengths [Å] and angles [°] for 3.19 at 150K. 
_____________________________________________________ 
Fe(1)-C(1)  1.832(2) 
Fe(1)-N(3)  2.037(2) 
Fe(1)-N(4)  2.041(2) 
Fe(1)-Cl(2)  2.2697(7) 
Fe(1)-Cl(1)  2.3210(8) 
N(1)-C(1)  1.358(3) 
N(1)-C(19)  1.372(3) 
N(1)-C(2)  1.472(3) 
N(2)-C(1)  1.351(3) 
N(2)-C(5)  1.374(3) 
N(2)-C(4)  1.478(3) 
N(3)-C(19)  1.298(3) 
N(3)-C(21)  1.445(3) 
N(4)-C(5)  1.300(3) 
N(4)-C(7)  1.452(3) 
C(2)-C(3)  1.505(4) 
C(2)-H(2A)  0.9900 
C(2)-H(2B)  0.9900 
C(3)-C(4)  1.517(4) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-C(6)  1.486(3) 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-C(12)  1.401(4) 
C(7)-C(8)  1.401(4) 
C(8)-C(9)  1.404(4) 
C(8)-C(13)  1.513(4) 
C(9)-C(10)  1.376(4) 
C(9)-H(9A)  0.9500 
C(10)-C(11)  1.374(4) 
C(10)-H(10A)  0.9500 
C(11)-C(12)  1.391(4) 
C(11)-H(11A)  0.9500 
C(12)-C(16)  1.523(4) 
C(13)-C(15)  1.527(4) 
C(13)-C(14)  1.531(4) 
C(13)-H(13A)  1.0000 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(16)-C(17)  1.520(5) 
C(16)-C(18)  1.522(4) 
C(16)-H(16A)  1.0000 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-C(20)  1.490(4) 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-C(22)  1.402(4) 
C(21)-C(26)  1.404(4) 
C(22)-C(23)  1.389(5) 
C(22)-C(27)  1.521(5) 
C(23)-C(24)  1.374(5) 
C(23)-H(23A)  0.9500 
C(24)-C(25)  1.376(5) 
C(24)-H(24A)  0.9500 
C(25)-C(26)  1.399(4) 
C(25)-H(25A)  0.9500 
C(26)-C(30)  1.504(4) 
C(27)-C(28)  1.515(6) 
C(27)-C(29)  1.535(6) 
C(27)-H(27A)  1.0000 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-C(32)  1.525(5) 
C(30)-C(31)  1.537(4) 
C(30)-H(30A)  1.0000 
C(31)-H(31A)  0.9800 
C(31)-H(31B)  0.9800 
C(31)-H(31C)  0.9800 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9800 
C(1S)-Cl(3S)  1.685(6) 
C(1S)-Cl(4S)  1.821(5) 
C(1S)-H(1S1)  0.9900 
C(1S)-H(1S2)  0.9900 
C(2S)-Cl(5S)  1.714(4) 
C(2S)-Cl(6S)  1.777(4) 
C(2S)-H(2S1)  0.9900 



























































































































































































Symmetry transformations used to generate equivalent atoms:  
 
 
Table 4.   Anisotropic displacement parameters  (Å2x 103) for 3.19 at 150K.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Fe(1) 37(1)  21(1) 24(1)  -1(1) 2(1)  -1(1) 
Cl(1) 38(1)  30(1) 52(1)  1(1) 4(1)  -2(1) 
Cl(2) 67(1)  35(1) 24(1)  -1(1) -9(1)  1(1) 
N(1) 44(1)  25(1) 22(1)  -3(1) -1(1)  -4(1) 
N(2) 37(1)  27(1) 18(1)  1(1) 0(1)  0(1) 
N(3) 41(1)  24(1) 23(1)  -2(1) -1(1)  0(1) 
N(4) 31(1)  22(1) 21(1)  0(1) 2(1)  1(1) 
C(1) 37(1)  26(1) 24(1)  -1(1) 0(1)  -3(1) 
C(2) 49(2)  38(2) 20(1)  -5(1) -3(1)  -8(1) 
C(3) 37(1)  45(2) 21(1)  -1(1) -2(1)  -2(1) 
C(4) 39(1)  36(1) 19(1)  3(1) 1(1)  2(1) 
C(5) 30(1)  23(1) 23(1)  0(1) 4(1)  3(1) 
C(6) 49(2)  26(1) 28(1)  4(1) 2(1)  -1(1) 
C(7) 34(1)  23(1) 22(1)  0(1) 0(1)  -3(1) 
C(8) 36(1)  22(1) 24(1)  1(1) 2(1)  -3(1) 
C(9) 44(2)  26(1) 33(1)  -5(1) 5(1)  0(1) 
C(10) 49(2)  35(2) 34(1)  -11(1) -1(1)  -11(1) 
C(11) 36(2)  44(2) 37(2)  -4(1) -2(1)  -11(1) 
527 
 
C(12) 34(1)  38(1) 26(1)  -1(1) 0(1)  -2(1) 
C(13) 34(1)  26(1) 27(1)  -2(1) 3(1)  0(1) 
C(14) 40(2)  32(1) 39(2)  1(1) 0(1)  2(1) 
C(15) 39(2)  49(2) 36(1)  5(1) 5(1)  -7(1) 
C(16) 32(2)  52(2) 40(2)  -10(1) -2(1)  1(1) 
C(17) 47(2)  96(3) 52(2)  0(2) 13(2)  7(2) 
C(18) 39(2)  61(2) 60(2)  -7(2) -10(2)  9(2) 
C(19) 41(2)  24(1) 29(1)  -2(1) 2(1)  -5(1) 
C(20) 69(2)  30(1) 38(2)  -8(1) -7(1)  -2(1) 
C(21) 50(2)  25(1) 26(1)  -4(1) -2(1)  2(1) 
C(22) 51(2)  40(2) 40(2)  -4(1) -3(1)  6(1) 
C(23) 56(2)  50(2) 50(2)  -6(2) -12(2)  16(2) 
C(24) 74(2)  35(2) 38(2)  -2(1) -12(2)  15(2) 
C(25) 67(2)  29(1) 30(1)  0(1) -1(1)  4(1) 
C(26) 54(2)  25(1) 26(1)  -2(1) -2(1)  2(1) 
C(27) 46(2)  56(2) 68(2)  5(2) 5(2)  6(2) 
C(28) 63(3)  74(3) 100(3)  -17(3) 6(2)  -10(2) 
C(29) 69(3)  100(3) 71(3)  -8(2) 18(2)  -5(2) 
C(30) 54(2)  28(1) 40(2)  6(1) 8(1)  2(1) 
C(31) 74(2)  49(2) 53(2)  1(2) 21(2)  11(2) 
C(32) 56(2)  41(2) 71(2)  4(2) 0(2)  -2(2) 
C(1S) 71(2)  38(2) 98(3)  -1(2) -30(2)  -5(2) 
Cl(3S) 67(1)  154(3) 85(1)  -15(2) 22(1)  -39(2) 
Cl(4S) 50(1)  56(1) 67(1)  4(1) 10(1)  -3(1) 
C(2S) 74(2)  52(2) 41(2)  -4(2) -2(2)  -6(2) 
Cl(5S) 61(1)  147(4) 68(1)  -3(1) -2(1)  -20(1) 




Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for 3.19 at 150K. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(2A) 2695 5504 819 42 
H(2B) 3355 5838 742 42 
H(3A) 3487 4840 1036 42 
H(3B) 3837 4875 636 42 
H(4A) 3287 3925 663 37 
H(4B) 2648 4285 763 37 
H(6A) 2574 3003 -86 51 
H(6B) 2378 3276 318 51 
H(6C) 3100 3155 223 51 
H(9A) 3097 2588 -1205 42 
H(10A) 2052 2404 -1343 47 
H(11A) 1278 3002 -1065 47 
H(13A) 3680 3723 -541 35 
H(14A) 4392 2872 -527 56 
H(14B) 3905 2451 -759 56 
H(14C) 3739 2678 -339 56 
H(15A) 4448 3651 -1022 62 
H(15B) 3835 3999 -1175 62 
H(15C) 3964 3284 -1286 62 
H(16A) 1521 4278 -416 50 
528 
 
H(17A) 1296 3354 -77 97 
H(17B) 784 3164 -387 97 
H(17C) 677 3768 -127 97 
H(18A) 1088 4425 -1027 80 
H(18B) 558 4446 -708 80 
H(18C) 643 3833 -962 80 
H(20A) 2627 6965 102 68 
H(20B) 3161 6727 385 68 
H(20C) 2441 6596 479 68 
H(23A) 1160 7204 -726 63 
H(24A) 1850 7795 -1082 59 
H(25A) 2906 7548 -1089 51 
H(27A) 1558 5863 -160 68 
H(28A) 1048 5683 -745 119 
H(28B) 576 6245 -654 119 
H(28C) 575 5630 -395 119 
H(29A) 708 6342 161 120 
H(29B) 794 6959 -90 120 
H(29C) 1330 6755 201 120 
H(30A) 3634 6293 -578 49 
H(31A) 3470 6089 -1228 88 
H(31B) 4170 6331 -1162 88 
H(31C) 3653 6796 -1330 88 
H(32A) 3841 7320 -364 84 
H(32B) 3895 7557 -792 84 
H(32C) 4399 7075 -627 84 
H(1S1) 4693 4447 -134 83 
H(1S2) 5238 4434 177 83 
H(2S1) 2238 6194 -1446 67 

































































































































Table 1.  Crystal data and structure refinement for 3.19 at 200K. 
Identification code  C32H46Cl2FeN4(CH2Cl2)2_200K 
Empirical formula  C34 H50 Cl6 Fe N4 
Formula weight  783.33 
Temperature  200(2) K 
Wavelength  1.54178 Å 
Crystal system  Tetragonal 
Space group  I 4(1)/a 
Unit cell dimensions a = 21.4369(4) Å = 90°. 
 b = 21.4369(4) Å = 90°. 
 c = 35.4666(8) Å  = 90°. 
Volume 16298.3(6) Å3 
Z 16 
Density (calculated) 1.277 Mg/m3 
Absorption coefficient 6.795 mm-1 
F(000) 6560 
Crystal size 0.38 x 0.25 x 0.12 mm3 
Theta range for data collection 2.41 to 68.40°. 
Index ranges -25<=h<=24, -25<=k<=18, -42<=l<=42 
Reflections collected 79314 
Independent reflections 7212 [R(int) = 0.0472] 
Completeness to theta = 68.40° 96.4 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.4960 and 0.1822 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7212 / 2 / 425 
Goodness-of-fit on F2 1.027 
Final R indices [I>2sigma(I)] R1 = 0.0425, wR2 = 0.1148 
R indices (all data) R1 = 0.0484, wR2 = 0.1198 
Extinction coefficient na 
Largest diff. peak and hole 0.528 and -0.371 e.Å-3 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for 3.19 at 200K.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Fe(1) 2817(1) 5047(1) -472(1) 34(1) 
Cl(1) 3882(1) 5031(1) -588(1) 50(1) 
Cl(2) 2316(1) 5162(1) -1030(1) 54(1) 
N(1) 2938(1) 5496(1) 261(1) 37(1) 
N(2) 2914(1) 4407(1) 209(1) 33(1) 
N(3) 2661(1) 5947(1) -290(1) 37(1) 
N(4) 2638(1) 4113(1) -380(1) 30(1) 
C(1) 2896(1) 4976(1) 45(1) 35(1) 
C(2) 3080(2) 5476(1) 666(1) 43(1) 
C(3) 3414(1) 4876(1) 752(1) 42(1) 
C(4) 3042(1) 4319(1) 615(1) 39(1) 
C(5) 2749(1) 3938(1) -36(1) 31(1) 
C(6) 2697(2) 3294(1) 115(1) 43(1) 
C(7) 2480(1) 3640(1) -656(1) 32(1) 
C(8) 2956(1) 3293(1) -826(1) 34(1) 
C(9) 2781(1) 2833(1) -1086(1) 44(1) 
C(10) 2164(2) 2725(1) -1170(1) 50(1) 
C(11) 1707(2) 3077(2) -1002(1) 50(1) 
C(12) 1850(1) 3542(1) -742(1) 40(1) 
C(13) 3641(1) 3386(1) -740(1) 36(1) 
C(14) 3946(1) 2797(1) -582(1) 47(1) 
C(15) 3998(2) 3604(2) -1089(1) 53(1) 
C(16) 1330(1) 3909(2) -553(1) 53(1) 
C(17) 993(2) 3507(2) -266(1) 81(1) 
C(18) 874(2) 4176(2) -840(1) 68(1) 
C(19) 2784(1) 6028(1) 64(1) 37(1) 
C(20) 2749(2) 6628(1) 275(1) 57(1) 
C(21) 2443(2) 6469(1) -511(1) 42(1) 
C(22) 1805(2) 6607(2) -508(1) 53(1) 
C(23) 1606(2) 7114(2) -722(1) 65(1) 
C(24) 2014(2) 7461(2) -934(1) 60(1) 
C(25) 2633(2) 7312(1) -938(1) 52(1) 
C(26) 2869(2) 6812(1) -727(1) 44(1) 
C(27) 1333(2) 6227(2) -286(1) 71(1) 
C(28) 854(2) 5931(3) -543(2) 98(2) 
C(29) 1015(2) 6618(3) 20(1) 101(2) 
C(30) 3552(2) 6660(1) -750(1) 50(1) 
C(31) 3728(2) 6457(2) -1150(1) 74(1) 
C(32) 3959(2) 7202(2) -619(1) 71(1) 
C(1S) 4990(2) 4171(2) 0(2) 85(1) 
Cl(3S) 5452(2) 3792(3) -300(1) 127(1) 
Cl(4S) 4528(1) 3626(2) 285(1) 75(1) 
Cl(3X) 5515(4) 3674(3) -330(2) 49(2) 
Cl(4X) 4610(4) 3890(6) 255(2) 80(2) 
C(2S) 2097(2) 6426(2) -1679(1) 73(1) 
Cl(5S) 1316(1) 6346(4) -1726(1) 112(2) 
Cl(6S) 2500(3) 6131(2) -2078(1) 105(1) 




Table 3.   Bond lengths [Å] and angles [°] for 3.19 at 200K. 
_____________________________________________________ 
Fe(1)-C(1)  1.850(2) 
Fe(1)-N(3)  2.062(2) 
Fe(1)-N(4)  2.065(2) 
Fe(1)-Cl(2)  2.2648(8) 
Fe(1)-Cl(1)  2.3216(8) 
N(1)-C(1)  1.354(3) 
N(1)-C(19)  1.378(3) 
N(1)-C(2)  1.470(3) 
N(2)-C(1)  1.351(3) 
N(2)-C(5)  1.374(3) 
N(2)-C(4)  1.478(3) 
N(3)-C(19)  1.293(3) 
N(3)-C(21)  1.444(3) 
N(4)-C(5)  1.299(3) 
N(4)-C(7)  1.450(3) 
C(2)-C(3)  1.503(4) 
C(2)-H(2A)  0.9900 
C(2)-H(2B)  0.9900 
C(3)-C(4)  1.515(4) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-C(6)  1.485(3) 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-C(8)  1.400(4) 
C(7)-C(12)  1.401(4) 
C(8)-C(9)  1.401(4) 
C(8)-C(13)  1.513(4) 
C(9)-C(10)  1.374(4) 
C(9)-H(9A)  0.9500 
C(10)-C(11)  1.374(5) 
C(10)-H(10A)  0.9500 
C(11)-C(12)  1.391(4) 
C(11)-H(11A)  0.9500 
C(12)-C(16)  1.520(4) 
C(13)-C(15)  1.526(4) 
C(13)-C(14)  1.528(4) 
C(13)-H(13A)  1.0000 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(16)-C(17)  1.518(5) 
C(16)-C(18)  1.523(5) 
C(16)-H(16A)  1.0000 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-C(20)  1.492(4) 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-C(22)  1.400(5) 
C(21)-C(26)  1.401(4) 
C(22)-C(23)  1.390(5) 
C(22)-C(27)  1.520(5) 
C(23)-C(24)  1.374(5) 
C(23)-H(23A)  0.9500 
C(24)-C(25)  1.365(5) 
C(24)-H(24A)  0.9500 
C(25)-C(26)  1.400(4) 
C(25)-H(25A)  0.9500 
C(26)-C(30)  1.501(5) 
C(27)-C(28)  1.512(6) 
C(27)-C(29)  1.532(6) 
C(27)-H(27A)  1.0000 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-C(32)  1.526(5) 
C(30)-C(31)  1.533(5) 
C(30)-H(30A)  1.0000 
C(31)-H(31A)  0.9800 
C(31)-H(31B)  0.9800 
C(31)-H(31C)  0.9800 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9800 
C(1S)-Cl(3S)  1.665(7) 
C(1S)-Cl(4S)  1.834(5) 
C(1S)-H(1S1)  0.9900 
C(1S)-H(1S2)  0.9900 
C(2S)-Cl(5S)  1.693(5) 
C(2S)-Cl(6S)  1.775(5) 
C(2S)-H(2S1)  0.9900 































































































































































































Table 4.   Anisotropic displacement parameters  (Å2x 103) for 3.19 at 200K.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Fe(1) 44(1)  25(1) 32(1)  -2(1) 1(1)  0(1) 
Cl(1) 45(1)  36(1) 68(1)  2(1) 5(1)  -2(1) 
Cl(2) 89(1)  44(1) 29(1)  -2(1) -12(1)  -1(1) 
N(1) 52(1)  31(1) 27(1)  -4(1) -1(1)  -4(1) 
N(2) 44(1)  32(1) 23(1)  1(1) 1(1)  0(1) 
N(3) 49(1)  32(1) 29(1)  -3(1) -2(1)  1(1) 
N(4) 37(1)  27(1) 27(1)  0(1) 2(1)  -1(1) 
C(1) 45(1)  31(1) 28(1)  0(1) 1(1)  -2(1) 
C(2) 59(2)  45(2) 25(1)  -6(1) -3(1)  -9(1) 
C(3) 45(2)  55(2) 26(1)  -1(1) -3(1)  -1(1) 
C(4) 49(2)  44(2) 23(1)  3(1) 1(1)  3(1) 
C(5) 37(1)  27(1) 28(1)  0(1) 3(1)  3(1) 
C(6) 62(2)  29(1) 38(1)  6(1) 1(1)  0(1) 
C(7) 42(1)  28(1) 28(1)  0(1) -1(1)  -3(1) 
C(8) 44(1)  28(1) 31(1)  2(1) 3(1)  -3(1) 
C(9) 53(2)  36(1) 41(1)  -8(1) 5(1)  -1(1) 
C(10) 60(2)  45(2) 45(2)  -14(1) -2(1)  -13(1) 
C(11) 45(2)  57(2) 47(2)  -7(1) -4(1)  -12(1) 
C(12) 42(2)  44(2) 34(1)  -1(1) -1(1)  -5(1) 
C(13) 41(1)  31(1) 36(1)  -2(1) 3(1)  -2(1) 
C(14) 49(2)  40(2) 51(2)  1(1) 0(1)  2(1) 
C(15) 50(2)  64(2) 44(2)  6(1) 7(1)  -9(2) 
C(16) 39(2)  66(2) 53(2)  -13(2) -4(1)  0(1) 
C(17) 59(2)  119(4) 66(2)  1(2) 18(2)  9(2) 
C(18) 48(2)  79(2) 77(2)  -9(2) -12(2)  10(2) 
C(19) 49(2)  28(1) 34(1)  -3(1) 3(1)  -5(1) 
C(20) 88(2)  33(2) 51(2)  -12(1) -10(2)  -1(2) 
C(21) 58(2)  34(1) 34(1)  -3(1) -2(1)  4(1) 
C(22) 59(2)  50(2) 50(2)  -3(1) -4(1)  8(2) 
C(23) 68(2)  63(2) 64(2)  -7(2) -15(2)  21(2) 
C(24) 88(3)  46(2) 46(2)  0(1) -13(2)  19(2) 
C(25) 80(2)  37(2) 40(2)  1(1) -1(2)  4(2) 
C(26) 66(2)  31(1) 34(1)  -2(1) -2(1)  3(1) 
C(27) 55(2)  70(2) 88(3)  8(2) 7(2)  9(2) 
C(28) 77(3)  95(3) 123(4)  -20(3) 7(3)  -17(3) 
C(29) 86(3)  127(4) 90(3)  -10(3) 26(3)  -4(3) 
C(30) 62(2)  36(2) 52(2)  8(1) 8(2)  2(1) 
C(31) 91(3)  62(2) 70(2)  2(2) 26(2)  14(2) 
C(32) 69(2)  53(2) 90(3)  3(2) 0(2)  -4(2) 
C(1S) 87(3)  46(2) 121(4)  1(2) -35(3)  -5(2) 
Cl(3S) 85(2)  185(3) 111(2)  -23(2) 30(1)  -45(2) 
Cl(4S) 64(1)  71(2) 89(1)  6(1) 15(1)  -3(1) 
C(2S) 96(3)  68(2) 56(2)  -2(2) -6(2)  -8(2) 
Cl(5S) 78(1)  167(5) 90(1)  1(1) -5(1)  -21(2) 




Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
For 3.19 at 200K. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(2A) 2689 5500 814 52 
H(2B) 3346 5836 736 52 
H(3A) 3481 4841 1027 50 
H(3B) 3828 4878 627 50 
H(4A) 3283 3931 655 46 
H(4B) 2646 4287 757 46 
H(6A) 2575 3009 -88 65 
H(6B) 2380 3283 315 65 
H(6C) 3100 3163 219 65 
H(9A) 3094 2592 -1207 52 
H(10A) 2055 2407 -1344 60 
H(11A) 1283 3002 -1065 60 
H(13A) 3676 3720 -545 43 
H(14A) 4389 2877 -534 70 
H(14B) 3904 2456 -765 70 
H(14C) 3739 2680 -346 70 
H(15A) 4439 3656 -1025 79 
H(15B) 3827 4003 -1175 79 
H(15C) 3956 3292 -1289 79 
H(16A) 1525 4266 -415 63 
H(17A) 1294 3344 -82 122 
H(17B) 788 3158 -395 122 
H(17C) 679 3758 -134 122 
H(18A) 1104 4421 -1027 102 
H(18B) 573 4445 -711 102 
H(18C) 653 3835 -966 102 
H(20A) 2626 6964 103 86 
H(20B) 3158 6723 384 86 
H(20C) 2440 6592 478 86 
H(23A) 1176 7223 -720 78 
H(24A) 1866 7804 -1078 72 
H(25A) 2910 7553 -1087 63 
H(27A) 1565 5883 -158 85 
H(28A) 1067 5700 -744 147 
H(28B) 593 6257 -655 147 
H(28C) 592 5645 -397 147 
H(29A) 714 6359 157 152 
H(29B) 799 6971 -96 152 
H(29C) 1331 6774 197 152 
H(30A) 3632 6299 -577 60 
H(31A) 3472 6098 -1224 112 
H(31B) 4170 6340 -1157 112 
H(31C) 3655 6803 -1325 112 
H(32A) 3842 7321 -362 106 
H(32B) 3899 7559 -788 106 
H(32C) 4398 7076 -623 106 
H(1S1) 4706 4448 -143 101 
H(1S2) 5247 4434 169 101 
H(2S1) 2237 6200 -1450 88 



































































































































Table 1.  Crystal data and structure refinement for 3.19 at 250K. 
Identification code  C32H46Cl2FeN4(CH2Cl2)2_250K 
Empirical formula  C34 H50 Cl6 Fe N4 
Formula weight  783.33 
Temperature  250(2) K 
Wavelength  1.54178 Å 
Crystal system  Tetragonal 
Space group  I 4(1)/a 
Unit cell dimensions a = 21.5767(7) Å = 90°. 
 b = 21.5767(7) Å = 90°. 
 c = 35.5041(14) Å  = 90°. 
Volume 16529.1(10) Å3 
Z 16 
Density (calculated) 1.259 Mg/m3 
Absorption coefficient 6.701 mm-1 
F(000) 6560 
Crystal size 0.38 x 0.25 x 0.12 mm3 
Theta range for data collection 2.40 to 66.36°. 
Index ranges -25<=h<=18, -25<=k<=25, -42<=l<=42 
Reflections collected 79058 
Independent reflections 7169 [R(int) = 0.0597] 
Completeness to theta = 66.36° 98.7 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.5002 and 0.1851 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7169 / 2 / 425 
Goodness-of-fit on F2 1.020 
Final R indices [I>2sigma(I)] R1 = 0.0520, wR2 = 0.1450 
R indices (all data) R1 = 0.0639, wR2 = 0.1557 
Extinction coefficient na 
Largest diff. peak and hole 0.556 and -0.415 e.Å-3 
544 
 
Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for 3.19 at 250K.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Fe(1) 2827(1) 5048(1) -486(1) 42(1) 
Cl(1) 3888(1) 5029(1) -591(1) 63(1) 
Cl(2) 2317(1) 5167(1) -1036(1) 71(1) 
N(1) 2940(1) 5493(1) 255(1) 45(1) 
N(2) 2913(1) 4414(1) 206(1) 40(1) 
N(3) 2682(1) 5959(1) -294(1) 47(1) 
N(4) 2652(1) 4104(1) -383(1) 38(1) 
C(1) 2890(2) 4980(1) 41(1) 42(1) 
C(2) 3082(2) 5475(2) 660(1) 54(1) 
C(3) 3415(2) 4878(2) 746(1) 52(1) 
C(4) 3047(2) 4326(2) 609(1) 48(1) 
C(5) 2755(2) 3942(1) -39(1) 38(1) 
C(6) 2704(2) 3302(2) 117(1) 54(1) 
C(7) 2490(2) 3631(1) -656(1) 41(1) 
C(8) 2962(2) 3287(2) -826(1) 44(1) 
C(9) 2783(2) 2828(2) -1086(1) 54(1) 
C(10) 2179(2) 2720(2) -1168(1) 62(1) 
C(11) 1723(2) 3073(2) -999(1) 61(1) 
C(12) 1864(2) 3531(2) -739(1) 51(1) 
C(13) 3644(2) 3381(2) -744(1) 44(1) 
C(14) 3947(2) 2798(2) -585(1) 59(1) 
C(15) 3992(2) 3600(2) -1093(1) 67(1) 
C(16) 1350(2) 3896(2) -553(1) 66(1) 
C(17) 1004(3) 3499(3) -272(2) 100(2) 
C(18) 903(2) 4173(3) -842(2) 87(2) 
C(19) 2794(2) 6029(2) 60(1) 47(1) 
C(20) 2760(3) 6622(2) 277(1) 72(1) 
C(21) 2465(2) 6482(2) -511(1) 53(1) 
C(22) 1831(2) 6623(2) -504(1) 65(1) 
C(23) 1637(3) 7129(2) -717(1) 80(1) 
C(24) 2043(3) 7469(2) -932(1) 74(1) 
C(25) 2653(2) 7315(2) -938(1) 64(1) 
C(26) 2884(2) 6819(2) -730(1) 55(1) 
C(27) 1363(2) 6243(3) -281(2) 90(2) 
C(28) 886(3) 5946(4) -539(2) 123(2) 
C(29) 1037(3) 6633(4) 20(2) 124(2) 
C(30) 3565(2) 6666(2) -754(1) 62(1) 
C(31) 3730(3) 6461(3) -1151(2) 94(2) 
C(32) 3971(3) 7199(2) -618(2) 88(2) 
C(1S) 4996(3) 4179(2) -4(2) 105(2) 
Cl(3S) 5448(2) 3791(3) -298(1) 153(2) 
Cl(4S) 4534(1) 3636(2) 283(1) 97(1) 
Cl(3X) 5521(5) 3673(4) -335(3) 61(3) 
Cl(4X) 4617(5) 3932(9) 242(3) 96(3) 
C(2S) 2103(3) 6426(3) -1683(2) 99(2) 
Cl(5S) 1334(2) 6299(5) -1729(1) 130(2) 
Cl(6S) 2541(4) 6183(4) -2075(2) 165(2) 




Table 3.   Bond lengths [Å] and angles [°] for  3.19 at 250K. 
_____________________________________________________ 
Fe(1)-C(1)  1.882(3) 
Fe(1)-N(3)  2.103(3) 
Fe(1)-N(4)  2.104(2) 
Fe(1)-Cl(2)  2.2574(11)  
Fe(1)-Cl(1)  2.3214(11) 
N(1)-C(1)  1.347(4) 
N(1)-C(19)  1.385(4) 
N(1)-C(2)  1.470(4) 
N(2)-C(1)  1.353(4) 
N(2)-C(5)  1.382(4) 
N(2)-C(4)  1.474(4) 
N(3)-C(19)  1.287(4) 
N(3)-C(21)  1.445(5) 
N(4)-C(5)  1.289(4) 
N(4)-C(7)  1.451(4) 
C(2)-C(3)  1.507(5) 
C(2)-H(2A)  0.9800 
C(2)-H(2B)  0.9800 
C(3)-C(4)  1.512(5) 
C(3)-H(3A)  0.9800 
C(3)-H(3B)  0.9800 
C(4)-H(4A)  0.9800 
C(4)-H(4B)  0.9800 
C(5)-C(6)  1.492(4) 
C(6)-H(6A)  0.9700 
C(6)-H(6B)  0.9700 
C(6)-H(6C)  0.9700 
C(7)-C(8)  1.398(5) 
C(7)-C(12)  1.400(5) 
C(8)-C(9)  1.405(5) 
C(8)-C(13)  1.514(5) 
C(9)-C(10)  1.355(6) 
C(9)-H(9A)  0.9400 
C(10)-C(11)  1.381(6) 
C(10)-H(10A)  0.9400 
C(11)-C(12)  1.387(5) 
C(11)-H(11A)  0.9400 
C(12)-C(16)  1.510(6) 
C(13)-C(15)  1.525(5) 
C(13)-C(14)  1.526(5) 
C(13)-H(13A)  0.9900 
C(14)-H(14A)  0.9700 
C(14)-H(14B)  0.9700 
C(14)-H(14C)  0.9700 
C(15)-H(15A)  0.9700 
C(15)-H(15B)  0.9700 
C(15)-H(15C)  0.9700 
C(16)-C(17)  1.514(7) 
C(16)-C(18)  1.529(6) 
C(16)-H(16A)  0.9900 
C(17)-H(17A)  0.9700 
C(17)-H(17B)  0.9700 
C(17)-H(17C)  0.9700 
C(18)-H(18A)  0.9700 
C(18)-H(18B)  0.9700 
C(18)-H(18C)  0.9700 
C(19)-C(20)  1.496(5) 
C(20)-H(20A)  0.9700 
C(20)-H(20B)  0.9700 
C(20)-H(20C)  0.9700 
C(21)-C(26)  1.398(6) 
C(21)-C(22)  1.401(6) 
C(22)-C(23)  1.391(6) 
C(22)-C(27)  1.524(7) 
C(23)-C(24)  1.373(7) 
C(23)-H(23A)  0.9400 
C(24)-C(25)  1.359(7) 
C(24)-H(24A)  0.9400 
C(25)-C(26)  1.394(5) 
C(25)-H(25A)  0.9400 
C(26)-C(30)  1.508(6) 
C(27)-C(28)  1.518(9) 
C(27)-C(29)  1.532(8) 
C(27)-H(27A)  0.9900 
C(28)-H(28A)  0.9700 
C(28)-H(28B)  0.9700 
C(28)-H(28C)  0.9700 
C(29)-H(29A)  0.9700 
C(29)-H(29B)  0.9700 
C(29)-H(29C)  0.9700 
C(30)-C(31)  1.521(6) 
C(30)-C(32)  1.523(7) 
C(30)-H(30A)  0.9900 
C(31)-H(31A)  0.9700 
C(31)-H(31B)  0.9700 
C(31)-H(31C)  0.9700 
C(32)-H(32A)  0.9700 
C(32)-H(32B)  0.9700 
C(32)-H(32C)  0.9700 
C(1S)-Cl(3S)  1.659(9) 
C(1S)-Cl(4S)  1.843(7) 
C(1S)-H(1S1)  0.9800 
C(1S)-H(1S2)  0.9800 
C(2S)-Cl(5S)  1.689(7) 
C(2S)-Cl(6S)  1.761(7) 
C(2S)-H(2S1)  0.9800 



























































































































































































Symmetry transformations used to generate equivalent atoms:  
 
 
Table 4.   Anisotropic displacement parameters  (Å2x 103) for 3.19 at 250K.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Fe(1) 55(1)  30(1) 42(1)  -2(1) 1(1)  -1(1) 
Cl(1) 56(1)  45(1) 89(1)  2(1) 8(1)  -4(1) 
Cl(2) 118(1)  56(1) 38(1)  -2(1) -15(1)  -2(1) 
N(1) 64(2)  38(1) 34(1)  -5(1) 0(1)  -5(1) 
N(2) 52(2)  38(1) 30(1)  0(1) 0(1)  -1(1) 
N(3) 65(2)  39(1) 37(1)  -5(1) 0(1)  0(1) 
N(4) 46(2)  33(1) 34(1)  2(1) 1(1)  -2(1) 
C(1) 54(2)  36(2) 35(2)  -2(1) -1(1)  -3(1) 
C(2) 72(2)  56(2) 32(2)  -8(2) -4(2)  -10(2) 
C(3) 59(2)  66(2) 31(2)  0(2) -3(2)  -1(2) 
C(4) 62(2)  53(2) 30(2)  6(1) 2(1)  3(2) 
C(5) 45(2)  32(2) 37(2)  2(1) 4(1)  2(1) 
C(6) 80(3)  36(2) 46(2)  6(1) 2(2)  -2(2) 
C(7) 50(2)  35(2) 37(2)  -1(1) 1(1)  -4(1) 
C(8) 57(2)  35(2) 40(2)  1(1) 4(2)  -4(1) 
C(9) 66(2)  45(2) 51(2)  -11(2) 5(2)  -3(2) 
C(10) 70(3)  56(2) 60(2)  -17(2) 0(2)  -12(2) 
C(11) 55(2)  66(2) 61(2)  -10(2) -4(2)  -14(2) 
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C(12) 52(2)  56(2) 44(2)  -4(2) -1(2)  -6(2) 
C(13) 50(2)  40(2) 43(2)  -3(1) 4(2)  0(1) 
C(14) 61(2)  50(2) 67(2)  0(2) 0(2)  3(2) 
C(15) 64(3)  81(3) 56(2)  8(2) 10(2)  -14(2) 
C(16) 52(2)  80(3) 65(2)  -15(2) -3(2)  -3(2) 
C(17) 75(3)  142(5) 82(3)  -1(3) 21(3)  9(3) 
C(18) 62(3)  94(4) 104(4)  -10(3) -18(3)  14(2) 
C(19) 65(2)  35(2) 41(2)  -5(1) 3(2)  -8(2) 
C(20) 111(4)  39(2) 67(3)  -15(2) -12(2)  -4(2) 
C(21) 74(3)  41(2) 43(2)  -3(1) -4(2)  3(2) 
C(22) 74(3)  57(2) 64(2)  -1(2) -5(2)  9(2) 
C(23) 83(3)  74(3) 84(3)  -4(3) -16(3)  20(3) 
C(24) 107(4)  54(2) 62(3)  1(2) -15(3)  19(2) 
C(25) 95(3)  44(2) 53(2)  3(2) -1(2)  6(2) 
C(26) 80(3)  38(2) 47(2)  -2(2) -1(2)  0(2) 
C(27) 71(3)  85(3) 113(4)  8(3) 14(3)  8(3) 
C(28) 99(5)  118(5) 152(6)  -21(5) 12(4)  -28(4) 
C(29) 116(5)  145(6) 112(5)  -10(4) 36(4)  -1(4) 
C(30) 77(3)  44(2) 65(2)  11(2) 14(2)  1(2) 
C(31) 113(4)  79(3) 91(4)  2(3) 32(3)  19(3) 
C(32) 85(3)  67(3) 112(4)  3(3) 3(3)  -3(3) 
C(1S) 107(4)  61(3) 148(5)  2(3) -41(4)  -11(3) 
Cl(3S) 101(2)  218(5) 139(2)  -30(3) 39(2)  -45(2) 
Cl(4S) 82(1)  94(2) 114(2)  9(1) 20(1)  -2(1) 
C(2S) 128(5)  93(4) 76(3)  -8(3) -12(3)  -7(3) 
Cl(5S) 96(2)  178(6) 116(2)  6(2) -11(1)  -23(2) 




Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for 3.19 at 250K. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(2A) 2698 5500 807 64 
H(2B) 3344 5829 728 64 
H(3A) 3479 4844 1019 63 
H(3B) 3822 4880 624 63 
H(4A) 3285 3944 646 58 
H(4B) 2659 4292 751 58 
H(6A) 2584 3018 -82 81 
H(6B) 2394 3296 315 81 
H(6C) 3101 3177 220 81 
H(9A) 3090 2591 -1205 65 
H(10A) 2071 2405 -1338 74 
H(11A) 1306 3001 -1063 73 
H(13A) 3678 3710 -551 53 
H(14A) 4383 2877 -538 88 
H(14B) 3906 2462 -765 88 
H(14C) 3745 2683 -351 88 
H(15A) 4427 3652 -1033 100 
H(15B) 3821 3992 -1177 100 
H(15C) 3949 3294 -1292 100 
H(16A) 1543 4243 -414 79 
549 
 
H(17A) 1293 3334 -88 149 
H(17B) 801 3160 -402 149 
H(17C) 695 3750 -144 149 
H(18A) 1135 4413 -1025 130 
H(18B) 608 4440 -714 130 
H(18C) 683 3842 -969 130 
H(20A) 2639 6957 110 109 
H(20B) 3163 6713 385 109 
H(20C) 2456 6582 477 109 
H(23A) 1217 7242 -713 96 
H(24A) 1898 7806 -1074 89 
H(25A) 2927 7550 -1086 77 
H(27A) 1591 5906 -152 108 
H(28A) 1096 5718 -737 184 
H(28B) 629 6267 -650 184 
H(28C) 628 5665 -394 184 
H(29A) 740 6377 154 186 
H(29B) 823 6976 -99 186 
H(29C) 1342 6792 196 186 
H(30A) 3642 6309 -584 74 
H(31A) 3476 6109 -1221 141 
H(31B) 4164 6345 -1161 141 
H(31C) 3655 6800 -1325 141 
H(32A) 3852 7313 -364 132 
H(32B) 3917 7552 -784 132 
H(32C) 4402 7071 -621 132 
H(1S1) 4718 4450 -146 127 
H(1S2) 5251 4438 162 127 
H(2S1) 2252 6207 -1459 118 
































































































































Table 1.  Crystal data and structure refinement for sad, 3.20. 
Identification code  C32H46ClFeN4 
Empirical formula  C32 H46 Cl Fe N4 
Formula weight  578.03 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P 2(1)/n 
Unit cell dimensions a = 9.0977(4) Å = 90°. 
 b = 26.7618(12) Å = 98.810(3)°. 
 c = 13.0468(6) Å  = 90°. 
Volume 3139.0(2) Å3 
Z 4 
Density (calculated) 1.223 Mg/m3 
Absorption coefficient 4.822 mm-1 
F(000) 1236 
Crystal size 0.25 x 0.05 x 0.03 mm3 
Theta range for data collection 3.30 to 69.86°. 
Index ranges -10<=h<=10, -31<=k<=32, -15<=l<=13 
Reflections collected 20856 
Independent reflections 5503 [R(int) = 0.0986] 
Completeness to theta = 67.00° 96.2 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8849 and 0.3786 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5503 / 362 / 347 
Goodness-of-fit on F2 1.029 
Final R indices [I>2sigma(I)] R1 = 0.0648, wR2 = 0.1650 
R indices (all data) R1 = 0.0852, wR2 = 0.1824 
Extinction coefficient na 
Largest diff. peak and hole 0.594 and -0.548 e.Å-3 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for sad, 3.20.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Fe(1) 3786(1) 1333(1) 1148(1) 16(1) 
Cl(1) 1301(1) 1229(1) 797(1) 32(1) 
N(1) 6422(3) 1816(1) 999(2) 19(1) 
N(2) 6623(3) 1094(1) 2075(2) 20(1) 
N(3) 4024(3) 1930(1) 296(2) 17(1) 
N(4) 4352(3) 756(1) 2073(2) 20(1) 
C(1) 5756(4) 1422(1) 1448(3) 17(1) 
C(2) 8037(4) 1911(1) 1218(3) 26(1) 
C(3) 8644(4) 1698(1) 2269(3) 26(1) 
C(4) 8255(4) 1149(2) 2336(3) 27(1) 
C(5) 5779(4) 721(1) 2409(3) 22(1) 
C(6) 6522(5) 323(1) 3097(4) 32(1) 
C(7) 3332(4) 413(1) 2431(3) 22(1) 
C(8) 2882(4) 499(1) 3404(3) 24(1) 
C(9) 1798(5) 187(2) 3696(4) 35(1) 
C(10) 1163(5) -189(2) 3066(4) 40(1) 
C(11) 1628(5) -271(2) 2119(4) 37(1) 
C(12) 2712(5) 25(1) 1788(3) 30(1) 
C(13) 3516(4) 930(1) 4102(3) 25(1) 
C(14) 4037(6) 760(2) 5220(4) 45(1) 
C(15) 2422(5) 1358(2) 4018(5) 46(1) 
C(16) 3240(5) -86(2) 763(4) 38(1) 
C(17) 4068(7) -574(2) 823(5) 64(2) 
C(18) 1997(7) -85(2) -149(4) 58(1) 
C(19) 5412(4) 2083(1) 354(3) 20(1) 
C(20) 5921(4) 2514(2) -221(3) 30(1) 
C(21) 2852(4) 2185(1) -369(3) 22(1) 
C(22) 2264(4) 1957(1) -1306(3) 28(1) 
C(23) 1089(5) 2196(2) -1940(4) 40(1) 
C(24) 525(5) 2644(2) -1643(4) 44(1) 
C(25) 1108(5) 2856(2) -718(4) 37(1) 
C(26) 2281(4) 2634(1) -59(3) 28(1) 
C(27) 2899(5) 1477(2) -1651(3) 32(1) 
C(28) 1757(6) 1117(2) -2191(4) 48(1) 
C(29) 4067(7) 1588(2) -2344(4) 55(1) 
C(30) 2847(5) 2856(2) 1001(4) 35(1) 
C(31) 2779(12) 3419(3) 1109(10) 44(2) 
C(32) 1953(10) 2612(4) 1816(7) 44(2) 
C(31X) 3162(19) 3420(4) 766(14) 35(3) 




Table 3.   Bond lengths [Å] and angles [°] for  sad, 3.20. 
_____________________________________________________ 
Fe(1)-C(1)  1.791(3) 
Fe(1)-N(3)  1.977(3) 
Fe(1)-N(4)  1.978(3) 
Fe(1)-Cl(1)  2.2547(10)  
N(1)-C(19)  1.351(5) 
N(1)-C(1)  1.390(4) 
N(1)-C(2)  1.475(4) 
N(2)-C(1)  1.366(5) 
N(2)-C(5)  1.369(4) 
N(2)-C(4)  1.479(5) 
N(3)-C(19)  1.319(5) 
N(3)-C(21)  1.440(4) 
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N(4)-C(5)  1.308(5) 
N(4)-C(7)  1.433(4) 
C(2)-C(3)  1.510(6) 
C(2)-H(2A)  0.9900 
C(2)-H(2B)  0.9900 
C(3)-C(4)  1.516(5) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-C(6)  1.487(5) 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-C(12)  1.398(5) 
C(7)-C(8)  1.411(5) 
C(8)-C(9)  1.389(5) 
C(8)-C(13)  1.527(5) 
C(9)-C(10)  1.371(6) 
C(9)-H(9)  0.9500 
C(10)-C(11)  1.384(6) 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.386(5) 
C(11)-H(11)  0.9500 
C(12)-C(16)  1.517(5) 
C(13)-C(15)  1.512(6) 
C(13)-C(14)  1.531(6) 
C(13)-H(13)  1.0000 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(16)-C(17)  1.502(7) 
C(16)-C(18)  1.511(8) 
C(16)-H(16)  1.0000 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-C(20)  1.487(5) 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-C(26)  1.394(5) 
C(21)-C(22)  1.397(6) 
C(22)-C(23)  1.402(6) 
C(22)-C(27)  1.507(6) 
C(23)-C(24)  1.382(7) 
C(23)-H(23)  0.9500 
C(24)-C(25)  1.365(7) 
C(24)-H(24)  0.9500 
C(25)-C(26)  1.396(6) 
C(25)-H(25)  0.9500 
C(26)-C(30)  1.520(6) 
C(27)-C(28)  1.510(6) 
C(27)-C(29)  1.525(6) 
C(27)-H(27)  1.0000 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-C(32X)  1.445(12) 
C(30)-C(31)  1.516(7) 
C(30)-C(32)  1.575(10) 
C(30)-C(31X)  1.576(11) 
C(30)-H(30)  1.0000 
C(31)-H(31A)  0.9800 
C(31)-H(31B)  0.9800 
C(31)-H(31C)  0.9800 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9800 
C(31X)-H(31D)  0.9800 
C(31X)-H(31E)  0.9800 
C(31X)-H(31F)  0.9800 
C(32X)-H(32D)  0.9800 
C(32X)-H(32E)  0.9800 
































































































































































































Symmetry transformations used to generate equivalent atoms:  
 
 
Table 4.   Anisotropic displacement parameters  (Å2x 103) for sad, 3.20.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Fe(1) 12(1)  17(1) 20(1)  2(1) 0(1)  -1(1) 
Cl(1) 12(1)  37(1) 46(1)  10(1) 4(1)  -2(1) 
N(1) 12(1)  21(1) 23(2)  1(1) -1(1)  -4(1) 
N(2) 13(1)  22(1) 23(2)  2(1) 0(1)  0(1) 
N(3) 11(1)  20(1) 19(2)  2(1) -4(1)  -1(1) 
N(4) 21(2)  18(1) 22(2)  1(1) 4(1)  0(1) 
C(1) 16(2)  19(2) 15(2)  -2(1) -1(1)  -2(1) 
C(2) 13(2)  26(2) 39(2)  1(2) 0(2)  -3(1) 
C(3) 11(2)  36(2) 30(2)  0(2) -6(1)  -2(1) 
C(4) 12(2)  36(2) 30(2)  3(2) -6(2)  3(1) 
C(5) 20(2)  24(2) 23(2)  2(1) 4(1)  2(1) 
C(6) 30(2)  28(2) 39(2)  10(2) 6(2)  5(2) 
C(7) 22(2)  15(1) 31(2)  3(1) 7(2)  1(1) 
C(8) 26(2)  22(2) 23(2)  3(1) 4(2)  -1(1) 
C(9) 43(3)  28(2) 37(2)  2(2) 20(2)  -5(2) 
C(10) 46(3)  32(2) 47(3)  0(2) 23(2)  -15(2) 
C(11) 43(3)  28(2) 44(3)  -6(2) 16(2)  -14(2) 
C(12) 33(2)  25(2) 33(2)  -4(2) 11(2)  -4(2) 
C(13) 26(2)  24(2) 25(2)  1(1) 3(2)  0(2) 
C(14) 65(3)  42(2) 29(2)  0(2) 7(2)  -8(2) 
C(15) 38(3)  31(2) 69(4)  -9(2) 8(2)  4(2) 
C(16) 47(3)  35(2) 38(2)  -12(2) 21(2)  -19(2) 
C(17) 68(4)  64(3) 69(4)  -14(3) 36(3)  11(3) 
C(18) 77(4)  58(3) 41(3)  -17(2) 15(3)  -6(3) 
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C(19) 19(2)  18(2) 23(2)  1(1) 3(1)  -1(1) 
C(20) 23(2)  32(2) 33(2)  12(2) 1(2)  -5(2) 
C(21) 14(2)  24(2) 24(2)  10(1) -6(1)  -2(1) 
C(22) 23(2)  33(2) 23(2)  9(2) -8(2)  -8(2) 
C(23) 37(2)  48(2) 28(2)  13(2) -16(2)  -10(2) 
C(24) 31(2)  44(2) 48(3)  23(2) -17(2)  2(2) 
C(25) 22(2)  31(2) 53(3)  15(2) -9(2)  3(2) 
C(26) 18(2)  26(2) 36(2)  8(2) -9(2)  -2(1) 
C(27) 30(2)  39(2) 25(2)  -2(2) -3(2)  -11(2) 
C(28) 45(3)  46(2) 50(3)  -13(2) -1(2)  -15(2) 
C(29) 67(4)  62(3) 40(3)  -5(2) 25(3)  -13(3) 
C(30) 20(2)  32(2) 48(3)  -10(2) -10(2)  9(2) 
C(31) 41(3)  36(3) 55(4)  -15(3) 5(3)  7(2) 




Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for sad, 3.20. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(2A) 8229 2275 1211 32 
H(2B) 8536 1753 678 32 
H(3A) 8228 1885 2813 32 
H(3B) 9739 1737 2398 32 
H(4A) 8753 953 1845 32 
H(4B) 8597 1023 3046 32 
H(6A) 6805 456 3799 48 
H(6B) 7413 209 2829 48 
H(6C) 5836 42 3116 48 
H(9) 1486 236 4352 42 
H(10) 409 -393 3278 48 
H(11) 1197 -536 1688 45 
H(13) 4416 1053 3826 30 
H(14A) 4739 483 5221 68 
H(14B) 3178 651 5531 68 
H(14C) 4528 1040 5621 68 
H(15A) 2841 1632 4468 69 
H(15B) 1491 1245 4234 69 
H(15C) 2224 1475 3298 69 
H(16) 3956 183 641 46 
H(17A) 4869 -568 1417 97 
H(17B) 4493 -623 184 97 
H(17C) 3382 -848 906 97 
H(18A) 1471 236 -176 87 
H(18B) 1300 -356 -70 87 
H(18C) 2412 -132 -792 87 
H(20A) 5117 2619 -765 44 
H(20B) 6787 2414 -537 44 
H(20C) 6196 2791 260 44 
H(23) 674 2048 -2582 48 
H(24) -266 2804 -2081 52 
H(25) 705 3162 -518 44 
H(27) 3418 1305 -1016 39 
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H(28A) 2257 816 -2392 72 
H(28B) 1211 1276 -2811 72 
H(28C) 1060 1025 -1719 72 
H(29A) 4803 1822 -1989 82 
H(29B) 3584 1737 -2996 82 
H(29C) 4563 1277 -2491 82 
H(30) 3911 2754 1192 42 
H(31A) 3179 3515 1822 66 
H(31B) 1744 3530 944 66 
H(31C) 3371 3576 630 66 
H(32A) 2305 2750 2506 66 
H(32B) 2106 2250 1828 66 
H(32C) 891 2685 1622 66 
H(31D) 3867 3438 270 52 
H(31E) 3586 3588 1411 52 
H(31F) 2230 3584 471 52 
H(32D) 2229 2923 2400 52 
H(32E) 1677 2416 1815 52 





























































































































Table 1.  Crystal data and structure refinement for C34H46FeN4O2, 3.21. 
Identification code  C34H46FeN4O2 
Empirical formula  C34 H46 Fe N4 O2 
Formula weight  598.60 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P -1 
Unit cell dimensions a = 8.7597(18) Å = 82.658(5)°. 
 b = 9.909(2) Å = 85.836(4)°. 
 c = 20.084(4) Å  = 64.966(4)°. 
Volume 1566.2(6) Å3 
Z 2 
Density (calculated) 1.269 Mg/m3 
Absorption coefficient 0.518 mm-1 
F(000) 640 
Crystal size 0.35 x 0.18 x 0.10 mm3 
Theta range for data collection 2.28 to 33.91°. 
Index ranges -13<=h<=12, -15<=k<=14, -27<=l<=30 
Reflections collected 21448 
Independent reflections 11044 [R(int) = 0.0396] 
Completeness to theta = 28.28° 99.3 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9501 and 0.8396 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 11044 / 0 / 372 
Goodness-of-fit on F2 1.009 
Final R indices [I>2sigma(I)] R1 = 0.0432, wR2 = 0.0899 
R indices (all data) R1 = 0.0709, wR2 = 0.1002 
Extinction coefficient na 
Largest diff. peak and hole 0.544 and -0.468 e.Å-3 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for C34H46FeN4O2, 3.21.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Fe(1) 672(1) 8447(1) 2295(1) 10(1) 
O(1) -2531(1) 9723(2) 1603(1) 26(1) 
O(2) 1012(2) 5406(2) 2784(1) 32(1) 
N(2) 2225(1) 10200(1) 1632(1) 12(1) 
N(1) 763(1) 11056(1) 2641(1) 11(1) 
N(4) 2415(1) 7887(1) 1566(1) 11(1) 
N(3) 88(1) 9246(1) 3181(1) 10(1) 
C(1) 1224(2) 10050(2) 2168(1) 11(1) 
C(2) 2640(2) 11497(2) 1479(1) 15(1) 
C(3) 1298(2) 12816(2) 1806(1) 15(1) 
C(4) 1079(2) 12412(2) 2550(1) 14(1) 
C(5) 2887(2) 8937(2) 1302(1) 11(1) 
C(6) 4034(2) 8875(2) 708(1) 17(1) 
C(7) 3071(2) 6490(2) 1270(1) 12(1) 
C(8) 2276(2) 6345(2) 720(1) 14(1) 
C(9) 2966(2) 4972(2) 446(1) 17(1) 
C(10) 4371(2) 3785(2) 719(1) 20(1) 
C(11) 5117(2) 3933(2) 1273(1) 18(1) 
C(12) 4495(2) 5282(2) 1560(1) 15(1) 
C(13) 696(2) 7599(2) 423(1) 16(1) 
C(14) 946(2) 8089(2) -314(1) 22(1) 
C(15) -770(2) 7131(2) 508(1) 26(1) 
C(16) 5374(2) 5443(2) 2151(1) 20(1) 
C(17) 6721(2) 6010(2) 1910(1) 26(1) 
C(18) 6168(2) 3981(2) 2610(1) 30(1) 
C(19) 150(2) 10544(2) 3214(1) 11(1) 
C(20) -319(2) 11421(2) 3808(1) 16(1) 
C(21) -459(2) 8568(2) 3767(1) 11(1) 
C(22) -2182(2) 8959(2) 3901(1) 13(1) 
C(23) -2644(2) 8285(2) 4485(1) 17(1) 
C(24) -1454(2) 7228(2) 4919(1) 18(1) 
C(25) 242(2) 6834(2) 4773(1) 16(1) 
C(26) 768(2) 7498(2) 4204(1) 13(1) 
C(27) -3543(2) 10044(2) 3427(1) 15(1) 
C(28) -4349(2) 9201(2) 3092(1) 22(1) 
C(29) -4896(2) 11309(2) 3793(1) 22(1) 
C(30) 2634(2) 7098(2) 4086(1) 16(1) 
C(31) 3280(2) 7715(2) 4609(1) 23(1) 
C(32) 3666(2) 5403(2) 4105(1) 27(1) 
C(33) -1256(2) 9154(2) 1885(1) 16(1) 




 Table 3.   Bond lengths [Å] and angles [°] for  C34H46FeN4O2, 3.21. 
_____________________________________________________ 
Fe(1)-C(33)  1.7531(16) 
Fe(1)-C(34)  1.8013(17) 
Fe(1)-C(1)  1.8300(14) 
Fe(1)-N(3)  1.9841(12) 
Fe(1)-N(4)  1.9869(12) 
O(1)-C(33)  1.1682(19) 
O(2)-C(34)  1.142(2) 
N(2)-C(1)  1.3726(19) 
N(2)-C(5)  1.3729(17) 
N(2)-C(2)  1.4680(19) 
N(1)-C(19)  1.3651(19) 
N(1)-C(1)  1.3801(17) 
N(1)-C(4)  1.4693(18) 
N(4)-C(5)  1.3149(19) 
N(4)-C(7)  1.4442(17) 
N(3)-C(19)  1.3197(18) 
N(3)-C(21)  1.4341(19) 
C(2)-C(3)  1.526(2) 
C(2)-H(2A)  0.9900 
C(2)-H(2B)  0.9900 
C(3)-C(4)  1.517(2) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-C(6)  1.492(2) 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-C(8)  1.403(2) 
C(7)-C(12)  1.411(2) 
C(8)-C(9)  1.4016(19) 
C(8)-C(13)  1.513(2) 
C(9)-C(10)  1.380(2) 
C(9)-H(9A)  0.9500 
C(10)-C(11)  1.384(2) 
C(10)-H(10A)  0.9500 
C(11)-C(12)  1.398(2) 
C(11)-H(11A)  0.9500 
C(12)-C(16)  1.519(2) 
C(13)-C(14)  1.528(2) 
C(13)-C(15)  1.531(2) 
C(13)-H(13A)  1.0000 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(16)-C(18)  1.527(3) 
C(16)-C(17)  1.533(3) 
C(16)-H(16A)  1.0000 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-C(20)  1.4963(19) 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-C(22)  1.4044(19) 
C(21)-C(26)  1.409(2) 
C(22)-C(23)  1.395(2) 
C(22)-C(27)  1.517(2) 
C(23)-C(24)  1.384(2) 
C(23)-H(23A)  0.9500 
C(24)-C(25)  1.386(2) 
C(24)-H(24A)  0.9500 
C(25)-C(26)  1.392(2) 
C(25)-H(25A)  0.9500 
C(26)-C(30)  1.518(2) 
C(27)-C(28)  1.536(2) 
C(27)-C(29)  1.538(2) 
C(27)-H(27A)  1.0000 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-C(31)  1.529(2) 
C(30)-C(32)  1.530(2) 
C(30)-H(30A)  1.0000 
C(31)-H(31A)  0.9800 
C(31)-H(31B)  0.9800 
C(31)-H(31C)  0.9800 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 

















































































































































































Symmetry transformations used to generate equivalent atoms:  
 
 
Table 4.   Anisotropic displacement parameters  (Å2x 103) for C34H46FeN4O2, 3.21.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Fe(1) 12(1)  9(1) 9(1)  -2(1) 2(1)  -5(1) 
O(1) 17(1)  34(1) 20(1)  -2(1) -3(1)  -6(1) 
O(2) 53(1)  22(1) 27(1)  -4(1) 2(1)  -22(1) 
N(2) 14(1)  10(1) 12(1)  -1(1) 2(1)  -7(1) 
N(1) 14(1)  9(1) 10(1)  -2(1) 2(1)  -6(1) 
N(4) 12(1)  9(1) 11(1)  -2(1) 1(1)  -4(1) 
N(3) 11(1)  10(1) 8(1)  -1(1) 0(1)  -5(1) 
C(1) 12(1)  11(1) 10(1)  -1(1) 0(1)  -5(1) 
C(2) 19(1)  13(1) 15(1)  -1(1) 2(1)  -9(1) 
C(3) 20(1)  10(1) 15(1)  1(1) 0(1)  -6(1) 
C(4) 18(1)  10(1) 15(1)  -1(1) 0(1)  -8(1) 
C(5) 11(1)  13(1) 10(1)  -1(1) 1(1)  -5(1) 
C(6) 19(1)  17(1) 15(1)  -3(1) 6(1)  -9(1) 
C(7) 14(1)  10(1) 13(1)  -3(1) 6(1)  -5(1) 
C(8) 16(1)  14(1) 14(1)  -4(1) 5(1)  -8(1) 
C(9) 22(1)  18(1) 18(1)  -7(1) 6(1)  -12(1) 
C(10) 24(1)  13(1) 23(1)  -7(1) 11(1)  -9(1) 
C(11) 19(1)  12(1) 19(1)  -1(1) 7(1)  -3(1) 
C(12) 16(1)  13(1) 13(1)  -1(1) 4(1)  -4(1) 
C(13) 16(1)  18(1) 14(1)  -5(1) 1(1)  -8(1) 
C(14) 22(1)  27(1) 14(1)  -2(1) -1(1)  -7(1) 
C(15) 20(1)  29(1) 33(1)  -8(1) 1(1)  -13(1) 
C(16) 17(1)  18(1) 15(1)  -2(1) 0(1)  1(1) 
C(17) 25(1)  22(1) 30(1)  -1(1) -8(1)  -8(1) 
C(18) 25(1)  31(1) 22(1)  8(1) -3(1)  -3(1) 
C(19) 12(1)  10(1) 10(1)  0(1) -1(1)  -4(1) 
568 
 
C(20) 23(1)  15(1) 12(1)  -4(1) 2(1)  -8(1) 
C(21) 14(1)  11(1) 8(1)  -2(1) 1(1)  -7(1) 
C(22) 14(1)  15(1) 12(1)  -3(1) 2(1)  -8(1) 
C(23) 16(1)  22(1) 15(1)  -2(1) 3(1)  -11(1) 
C(24) 24(1)  19(1) 13(1)  1(1) 2(1)  -14(1) 
C(25) 21(1)  14(1) 12(1)  1(1) -2(1)  -8(1) 
C(26) 16(1)  13(1) 11(1)  -3(1) 1(1)  -7(1) 
C(27) 12(1)  19(1) 13(1)  -2(1) 1(1)  -6(1) 
C(28) 22(1)  27(1) 18(1)  -3(1) -4(1)  -12(1) 
C(29) 16(1)  23(1) 23(1)  -6(1) 1(1)  -3(1) 
C(30) 14(1)  19(1) 14(1)  2(1) -1(1)  -5(1) 
C(31) 20(1)  29(1) 25(1)  -1(1) -3(1)  -14(1) 
C(32) 19(1)  24(1) 30(1)  -6(1) -2(1)  0(1) 
C(33) 17(1)  19(1) 13(1)  -5(1) 4(1)  -8(1) 




Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for C34H46FeN4O2, 3.21. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(2A) 2669 11756 987 18 
H(2B) 3763 11258 1654 18 
H(3A) 1622 13668 1744 18 
H(3B) 211 13137 1582 18 
H(4A) 2108 12229 2790 16 
H(4B) 119 13248 2738 16 
H(6A) 4596 7844 591 25 
H(6B) 4883 9210 817 25 
H(6C) 3378 9532 327 25 
H(9A) 2460 4857 67 21 
H(10A) 4826 2864 525 24 
H(11A) 6069 3101 1461 22 
H(13A) 399 8479 680 19 
H(14A) 1889 8382 -358 33 
H(14B) -83 8943 -476 33 
H(14C) 1192 7256 -581 33 
H(15A) -913 6825 983 39 
H(15B) -529 6291 246 39 
H(15C) -1807 7979 348 39 
H(16A) 4508 6205 2421 23 
H(17A) 6207 6951 1618 39 
H(17B) 7612 5261 1660 39 
H(17C) 7205 6180 2299 39 
H(18A) 5305 3623 2765 45 
H(18B) 6651 4156 2998 45 
H(18C) 7060 3227 2363 45 
H(20A) -1317 12359 3706 24 
H(20B) 619 11645 3912 24 
H(20C) -568 10833 4196 24 
H(23A) -3806 8558 4588 20 
H(24A) -1797 6778 5312 21 
H(25A) 1060 6097 5067 19 
569 
 
H(27A) -3004 10505 3068 18 
H(28A) -3474 8408 2857 32 
H(28B) -5183 9902 2770 32 
H(28C) -4903 8757 3436 32 
H(29A) -4365 11841 4000 33 
H(29B) -5457 10881 4141 33 
H(29C) -5729 12010 3470 33 
H(30A) 2790 7573 3632 20 
H(31A) 2615 8800 4594 35 
H(31B) 4467 7504 4511 35 
H(31C) 3171 7237 5057 35 
H(32A) 3251 5016 3767 40 
H(32B) 3552 4919 4551 40 


































































































































A1.3.7    Crystallographic Data for 3.22 at 80 K. 
 





Table 1.  Crystal data and structure refinement for 3.22 80 K. 
Identification code  C32H46BCl2F4FeN4_80K 
Empirical formula  C32 H46 B Cl2 F4 Fe N4 
Formula weight  700.29 
Temperature  80(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 2(1)/c 
Unit cell dimensions a = 18.6409(8) Å = 90°. 
 b = 13.2744(6) Å = 115.405(2)°. 
 c = 18.8709(8) Å  = 90°. 
Volume 4218.0(3) Å3 
Z 4 
Density (calculated) 1.103 Mg/m3 
Absorption coefficient 0.525 mm-1 
F(000) 1468 
Crystal size 0.18 x 0.12 x 0.10 mm3 
Theta range for data collection 1.94 to 28.33°. 
Index ranges -24<=h<=22, 0<=k<=17, 0<=l<=25 
Reflections collected 10497 
Independent reflections 10497 [R(int) = 0.0000] 
Completeness to theta = 28.33° 99.8 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9494 and 0.9115 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10497 / 1 / 418 
Goodness-of-fit on F2 1.014 
Final R indices [I>2sigma(I)] R1 = 0.0450, wR2 = 0.1036 
R indices (all data) R1 = 0.0771, wR2 = 0.1120 
Extinction coefficient na 
Largest diff. peak and hole 0.598 and -0.364 e.Å-3 
574 
 
Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for 3.22 80 K.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Fe(1) 2228(1) 7356(1) 4551(1) 21(1) 
Cl(1) 1549(1) 5954(2) 4579(1) 24(1) 
Cl(2) 1908(2) 7645(3) 3321(2) 29(1) 
Cl(1X) 1447(8) 5998(8) 4388(15) 82(2) 
Cl(2X) 2008(9) 7879(17) 3362(7) 65(3) 
N(1) 3275(1) 6803(1) 6083(1) 21(1) 
N(2) 2275(1) 7921(1) 6004(1) 20(1) 
N(3) 3311(1) 6711(1) 4907(1) 20(1) 
N(4) 1606(1) 8484(1) 4766(1) 20(1) 
C(1) 2634(1) 7367(2) 5667(1) 19(1) 
C(2) 3605(1) 6721(2) 6948(1) 28(1) 
C(3) 2939(1) 6919(2) 7184(1) 28(1) 
C(4) 2528(1) 7912(2) 6863(1) 25(1) 
C(5) 1701(1) 8557(2) 5484(1) 21(1) 
C(6) 1283(1) 9244(2) 5798(1) 28(1) 
C(7) 999(1) 9076(2) 4157(1) 23(1) 
C(8) 206(1) 8747(2) 3843(1) 24(1) 
C(9) -352(1) 9329(2) 3247(1) 30(1) 
C(10) -140(1) 10184(2) 2968(1) 36(1) 
C(11) 648(1) 10480(2) 3286(1) 34(1) 
C(12) 1238(1) 9936(2) 3882(1) 28(1) 
C(13) -63(1) 7796(2) 4106(1) 27(1) 
C(14) -674(1) 8032(2) 4425(1) 34(1) 
C(15) -400(1) 7052(2) 3428(1) 38(1) 
C(16) 2084(1) 10323(2) 4221(1) 31(1) 
C(17) 2168(1) 11240(2) 4739(2) 42(1) 
C(18) 2356(1) 10577(2) 3584(2) 46(1) 
C(19) 3656(1) 6461(2) 5637(1) 22(1) 
C(20) 4382(1) 5845(2) 6027(1) 29(1) 
C(21) 3700(1) 6526(2) 4399(1) 22(1) 
C(22) 4175(1) 7303(2) 4334(1) 25(1) 
C(23) 4563(1) 7133(2) 3857(1) 28(1) 
C(24) 4439(1) 6246(2) 3432(1) 30(1) 
C(25) 3948(1) 5504(2) 3492(1) 28(1) 
C(26) 3569(1) 5615(2) 3984(1) 24(1) 
C(27) 4296(1) 8281(2) 4790(1) 26(1) 
C(28) 4243(1) 9191(2) 4289(1) 30(1) 
C(29) 5070(2) 8259(2) 5530(1) 39(1) 
C(30) 3049(1) 4791(2) 4052(1) 29(1) 
C(31) 2328(1) 4618(2) 3270(1) 43(1) 
C(32) 3522(1) 3810(2) 4349(1) 39(1) 
B(1) 3864(2) -90(2) 6455(1) 30(1) 
F(1) 4455(1) 356(1) 7110(1) 42(1) 
F(2) 3125(1) 90(1) 6458(1) 46(1) 
F(3) 3876(1) 293(1) 5783(1) 43(1) 




Table 3.   Bond lengths [Å] and angles [°] for 3.22 80 K. 
_____________________________________________________ 
Fe(1)-C(1)  1.9081(19) 
Fe(1)-N(3)  2.0242(15) 
Fe(1)-N(4)  2.0388(16) 
Fe(1)-Cl(2)  2.168(4)  
Fe(1)-Cl(2X)  2.211(12) 
Fe(1)-Cl(1X)  2.254(9) 
Fe(1)-Cl(1)  2.264(2) 
N(1)-C(1)  1.341(2) 
N(1)-C(19)  1.390(2) 
N(1)-C(2)  1.482(2) 
N(2)-C(1)  1.327(2) 
N(2)-C(5)  1.386(2) 
N(2)-C(4)  1.480(2) 
N(3)-C(19)  1.289(2) 
N(3)-C(21)  1.448(2) 
N(4)-C(5)  1.292(2) 
N(4)-C(7)  1.450(2) 
C(2)-C(3)  1.512(3) 
C(2)-H(2A)  0.9900 
C(2)-H(2B)  0.9900 
C(3)-C(4)  1.514(3) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-C(6)  1.480(3) 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-C(12)  1.403(3) 
C(7)-C(8)  1.406(3) 
C(8)-C(9)  1.391(3) 
C(8)-C(13)  1.519(3) 
C(9)-C(10)  1.378(3) 
C(9)-H(9)  0.9500 
C(10)-C(11)  1.384(3) 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.392(3) 
C(11)-H(11)  0.9500 
C(12)-C(16)  1.514(3) 
C(13)-C(15)  1.524(3) 
C(13)-C(14)  1.532(3) 
C(13)-H(13)  1.0000 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(16)-C(17)  1.527(3) 
C(16)-C(18)  1.528(3) 
C(16)-H(16)  1.0000 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-C(20)  1.478(3) 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-C(22)  1.400(3) 
C(21)-C(26)  1.404(3) 
C(22)-C(23)  1.394(3) 
C(22)-C(27)  1.519(3) 
C(23)-C(24)  1.387(3) 
C(23)-H(23)  0.9500 
C(24)-C(25)  1.382(3) 
C(24)-H(24)  0.9500 
C(25)-C(26)  1.396(3) 
C(25)-H(25)  0.9500 
C(26)-C(30)  1.503(3) 
C(27)-C(28)  1.512(3) 
C(27)-C(29)  1.519(3) 
C(27)-H(27)  1.0000 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-C(31)  1.527(3) 
C(30)-C(32)  1.537(3) 
C(30)-H(30)  1.0000 
C(31)-H(31A)  0.9800 
C(31)-H(31B)  0.9800 
C(31)-H(31C)  0.9800 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9800 
B(1)-F(3)  1.376(3) 
B(1)-F(1)  1.387(3) 
B(1)-F(4)  1.396(3) 
































































































































































































Symmetry transformations used to generate equivalent atoms:  
 
Table 4.   Anisotropic displacement parameters  (Å2x 103) for 3.22 80 K.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Fe(1) 19(1)  29(1) 14(1)  1(1) 8(1)  7(1) 
Cl(1) 21(1)  26(1) 24(1)  -1(1) 10(1)  4(1) 
Cl(2) 27(1)  47(1) 12(1)  4(1) 8(1)  13(1) 
Cl(1X) 42(3)  48(3) 153(7)  -30(4) 38(5)  -4(2) 
Cl(2X) 83(6)  96(8) 23(3)  18(4) 29(4)  60(4) 
N(1) 21(1)  29(1) 12(1)  2(1) 6(1)  7(1) 
N(2) 20(1)  29(1) 10(1)  -2(1) 7(1)  2(1) 
N(3) 21(1)  27(1) 13(1)  0(1) 7(1)  7(1) 
N(4) 20(1)  26(1) 14(1)  0(1) 7(1)  2(1) 
C(1) 18(1)  25(1) 15(1)  2(1) 8(1)  3(1) 
C(2) 31(1)  37(1) 12(1)  3(1) 6(1)  7(1) 
C(3) 30(1)  40(1) 15(1)  5(1) 10(1)  4(1) 
C(4) 27(1)  40(1) 10(1)  -2(1) 10(1)  3(1) 
C(5) 18(1)  26(1) 17(1)  -2(1) 8(1)  1(1) 
C(6) 26(1)  39(1) 22(1)  -4(1) 11(1)  6(1) 
C(7) 24(1)  29(1) 15(1)  4(1) 8(1)  10(1) 
C(8) 24(1)  31(1) 18(1)  -1(1) 10(1)  6(1) 
578 
 
C(9) 20(1)  44(1) 24(1)  1(1) 7(1)  8(1) 
C(10) 28(1)  48(2) 29(1)  15(1) 11(1)  13(1) 
C(11) 30(1)  42(1) 31(1)  16(1) 13(1)  8(1) 
C(12) 24(1)  37(1) 25(1)  7(1) 12(1)  7(1) 
C(13) 22(1)  33(1) 24(1)  -2(1) 8(1)  1(1) 
C(14) 27(1)  39(1) 36(1)  4(1) 14(1)  2(1) 
C(15) 34(1)  42(2) 28(1)  -9(1) 4(1)  1(1) 
C(16) 23(1)  33(1) 33(1)  12(1) 8(1)  6(1) 
C(17) 32(1)  40(2) 49(2)  6(1) 12(1)  1(1) 
C(18) 28(1)  66(2) 45(2)  20(1) 17(1)  6(1) 
C(19) 21(1)  23(1) 19(1)  -1(1) 7(1)  4(1) 
C(20) 25(1)  38(1) 18(1)  5(1) 5(1)  14(1) 
C(21) 18(1)  33(1) 12(1)  2(1) 4(1)  9(1) 
C(22) 24(1)  33(1) 17(1)  1(1) 8(1)  8(1) 
C(23) 27(1)  38(1) 18(1)  4(1) 9(1)  8(1) 
C(24) 29(1)  43(1) 17(1)  4(1) 11(1)  16(1) 
C(25) 25(1)  39(1) 15(1)  -2(1) 3(1)  15(1) 
C(26) 20(1)  34(1) 15(1)  0(1) 3(1)  12(1) 
C(27) 28(1)  32(1) 24(1)  -4(1) 15(1)  1(1) 
C(28) 26(1)  34(1) 24(1)  -1(1) 5(1)  2(1) 
C(29) 50(2)  37(1) 22(1)  0(1) 10(1)  5(1) 
C(30) 28(1)  34(1) 24(1)  -7(1) 9(1)  6(1) 
C(31) 29(1)  53(2) 38(1)  -9(1) 5(1)  2(1) 
C(32) 39(1)  33(1) 39(1)  -2(1) 13(1)  10(1) 
B(1) 28(1)  42(2) 20(1)  4(1) 8(1)  2(1) 
F(1) 47(1)  46(1) 29(1)  -3(1) 13(1)  -7(1) 
F(2) 43(1)  57(1) 47(1)  11(1) 28(1)  7(1) 
F(3) 38(1)  67(1) 27(1)  14(1) 17(1)  7(1) 
F(4) 50(1)  41(1) 40(1)  -5(1) 24(1)  0(1) 
______________________________________________________________________________  
 
Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for 3.22 80 K. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(2A) 4036 7220 7198 33 
H(2B) 3828 6039 7119 33 
H(3A) 3155 6926 7763 34 
H(3B) 2546 6366 6986 34 
H(4A) 2061 7988 6978 30 
H(4B) 2897 8478 7111 30 
H(6A) 932 9691 5379 43 
H(6B) 1672 9648 6224 43 
H(6C) 966 8848 6000 43 
H(9) -894 9130 3027 36 
H(10) -533 10567 2561 43 
H(11) 789 11071 3092 41 
H(13) 411 7481 4537 32 
H(14A) -445 8508 4863 51 
H(14B) -821 7409 4609 51 
H(14C) -1148 8331 4008 51 
H(15A) -1 6913 3231 57 
H(15B) -875 7340 3005 57 
H(15C) -540 6423 3610 57 
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H(16) 2438 9781 4558 37 
H(17A) 1996 11063 5147 63 
H(17B) 1837 11790 4418 63 
H(17C) 2724 11456 4986 63 
H(18A) 2296 9983 3256 69 
H(18B) 2914 10783 3830 69 
H(18C) 2031 11129 3259 69 
H(20A) 4237 5169 6129 43 
H(20B) 4734 6162 6524 43 
H(20C) 4656 5796 5686 43 
H(23) 4915 7628 3823 34 
H(24) 4695 6148 3097 35 
H(25) 3867 4906 3191 34 
H(27) 3855 8335 4957 32 
H(28A) 3735 9183 3821 46 
H(28B) 4680 9175 4131 46 
H(28C) 4281 9806 4591 46 
H(29A) 5136 8895 5815 58 
H(29B) 5515 8168 5389 58 
H(29C) 5061 7699 5865 58 
H(30) 2852 5008 4445 35 
H(31A) 2036 5251 3091 65 
H(31B) 1980 4112 3340 65 
H(31C) 2504 4378 2880 65 
H(32A) 3977 3935 4854 58 
H(32B) 3711 3573 3967 58 





































































































































A1.3.8    Crystallographic Data for 3.22 at 150 K.  
 




Table 1.  Crystal data and structure refinement for 3.22 at 150K. 
Identification code  C32H46BCl2F4FeN4_150K 
Empirical formula  C32 H46 B Cl2 F4 Fe N4 
Formula weight  700.29 
Temperature  150(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P 2(1)/c 
Unit cell dimensions a = 18.8421(7) Å = 90°. 
 b = 13.3315(5) Å = 115.841(2)°. 
 c = 18.9846(7) Å  = 90°. 
Volume 4292.0(3) Å3 
Z 4 
Density (calculated) 1.084 Mg/m3 
Absorption coefficient 4.298 mm-1 
F(000) 1468 
Crystal size 0.20 x 0.14 x 0.10 mm3 
Theta range for data collection 2.61 to 66.40°. 
Index ranges -22<=h<=19, 0<=k<=15, 0<=l<=22 
Reflections collected 7441 
Independent reflections 7441 [R(int) = 0.0000] 
Completeness to theta = 66.40° 98.3 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.6732 and 0.4803 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7441 / 1 / 418 
Goodness-of-fit on F2 1.046 
Final R indices [I>2sigma(I)] R1 = 0.0389, wR2 = 0.1027 
R indices (all data) R1 = 0.0452, wR2 = 0.1062 
Extinction coefficient na 
Largest diff. peak and hole 0.525 and -0.236 e.Å-3 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
For 3.22 at 150K.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Fe(1) 2225(1) 7357(1) 4538(1) 31(1) 
Cl(1) 1546(2) 5979(1) 4565(4) 46(1) 
Cl(2) 1933(3) 7684(5) 3335(1) 51(1) 
Cl(1X) 1401(4) 6052(6) 4217(11) 46(2) 
Cl(2X) 2139(6) 8037(11) 3406(4) 41(2) 
N(1) 3295(1) 6836(1) 6091(1) 32(1) 
N(2) 2300(1) 7936(1) 6010(1) 30(1) 
N(3) 3318(1) 6701(1) 4913(1) 30(1) 
N(4) 1602(1) 8492(1) 4769(1) 31(1) 
C(1) 2659(1) 7393(1) 5676(1) 30(1) 
C(2) 3633(1) 6755(2) 6957(1) 40(1) 
C(3) 2972(1) 6943(2) 7190(1) 43(1) 
C(4) 2556(1) 7929(2) 6869(1) 38(1) 
C(5) 1720(1) 8568(2) 5489(1) 31(1) 
C(6) 1318(1) 9258(2) 5810(1) 42(1) 
C(7) 1003(1) 9094(2) 4169(1) 34(1) 
C(8) 218(1) 8772(2) 3848(1) 37(1) 
C(9) -338(1) 9359(2) 3260(1) 45(1) 
C(10) -129(1) 10223(2) 2999(1) 52(1) 
C(11) 649(1) 10512(2) 3314(1) 51(1) 
C(12) 1237(1) 9960(2) 3906(1) 42(1) 
C(13) -52(1) 7814(2) 4098(1) 43(1) 
C(14) -644(1) 8042(2) 4427(2) 52(1) 
C(15) -403(2) 7090(2) 3410(2) 62(1) 
C(16) 2079(1) 10343(2) 4253(1) 49(1) 
C(17) 2166(2) 11244(2) 4781(2) 68(1) 
C(18) 2344(2) 10612(2) 3623(2) 69(1) 
C(19) 3668(1) 6481(1) 5646(1) 31(1) 
C(20) 4400(1) 5893(2) 6048(1) 44(1) 
C(21) 3706(1) 6514(2) 4413(1) 32(1) 
C(22) 4193(1) 7277(2) 4366(1) 37(1) 
C(23) 4571(1) 7108(2) 3886(1) 42(1) 
C(24) 4447(1) 6236(2) 3462(1) 43(1) 
C(25) 3948(1) 5505(2) 3506(1) 41(1) 
C(26) 3564(1) 5620(2) 3987(1) 35(1) 
C(27) 4321(1) 8251(2) 4821(1) 43(1) 
C(28) 4216(1) 9165(2) 4312(1) 49(1) 
C(29) 5114(2) 8260(2) 5522(1) 61(1) 
C(30) 3041(1) 4801(2) 4044(1) 43(1) 
C(31) 2336(2) 4629(2) 3251(2) 67(1) 
C(32) 3496(2) 3821(2) 4348(2) 60(1) 
B(1) 3906(2) -58(2) 6475(2) 50(1) 
F(1) 4486(1) 357(1) 7126(1) 75(1) 
F(2) 3176(1) 109(2) 6486(1) 79(1) 
F(3) 3908(1) 343(2) 5813(1) 76(1) 




Table 3.   Bond lengths [Å] and angles [°] for 3.22 at 150K. 
_____________________________________________________ 
Fe(1)-C(1)  1.9488(18) 
Fe(1)-N(3)  2.0586(15) 
Fe(1)-N(4)  2.0758(15) 
Fe(1)-Cl(2)  2.149(2) 
Fe(1)-Cl(1X)  2.232(5) 
Fe(1)-Cl(1)  2.2516(14) 
Fe(1)-Cl(2X)  2.273(7) 
N(1)-C(1)  1.336(2) 
N(1)-C(19)  1.395(2) 
N(1)-C(2)  1.486(2) 
N(2)-C(1)  1.326(3) 
N(2)-C(5)  1.394(2) 
N(2)-C(4)  1.484(2) 
N(3)-C(19)  1.289(2) 
N(3)-C(21)  1.449(2) 
N(4)-C(5)  1.289(2) 
N(4)-C(7)  1.448(2) 
C(2)-C(3)  1.513(3) 
C(2)-H(2A)  0.9900 
C(2)-H(2B)  0.9900 
C(3)-C(4)  1.516(3) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-C(6)  1.482(3) 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-C(8)  1.400(3) 
C(7)-C(12)  1.403(3) 
C(8)-C(9)  1.391(3) 
C(8)-C(13)  1.525(3) 
C(9)-C(10)  1.377(3) 
C(9)-H(9)  0.9500 
C(10)-C(11)  1.375(3) 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.395(3) 
C(11)-H(11)  0.9500 
C(12)-C(16)  1.516(3) 
C(13)-C(15)  1.524(3) 
C(13)-C(14)  1.527(3) 
C(13)-H(13)  1.0000 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(16)-C(17)  1.525(4) 
C(16)-C(18)  1.527(4) 
C(16)-H(16)  1.0000 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-C(20)  1.477(3) 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-C(22)  1.398(3) 
C(21)-C(26)  1.400(3) 
C(22)-C(23)  1.397(3) 
C(22)-C(27)  1.519(3) 
C(23)-C(24)  1.375(3) 
C(23)-H(23)  0.9500 
C(24)-C(25)  1.381(3) 
C(24)-H(24)  0.9500 
C(25)-C(26)  1.399(3) 
C(25)-H(25)  0.9500 
C(26)-C(30)  1.506(3) 
C(27)-C(29)  1.506(3) 
C(27)-C(28)  1.514(3) 
C(27)-H(27)  1.0000 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-C(31)  1.530(3) 
C(30)-C(32)  1.530(3) 
C(30)-H(30)  1.0000 
C(31)-H(31A)  0.9800 
C(31)-H(31B)  0.9800 
C(31)-H(31C)  0.9800 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9800 
B(1)-F(1)  1.360(3) 
B(1)-F(3)  1.369(3) 
B(1)-F(4)  1.390(4) 
































































































































































































Symmetry transformations used to generate equivalent atoms:  
 
 
Table 4.   Anisotropic displacement parameters  (Å2x 103) for 3.22 at 150K.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Fe(1) 30(1)  40(1) 23(1)  1(1) 11(1)  8(1) 
Cl(1) 39(1)  42(1) 58(2)  -4(1) 21(1)  1(1) 
Cl(2) 52(1)  81(2) 21(1)  8(1) 16(1)  25(1) 
Cl(1X) 31(2)  51(2) 47(5)  -16(2) 7(2)  -1(1) 
Cl(2X) 39(3)  64(4) 24(2)  8(2) 16(2)  14(2) 
N(1) 32(1)  40(1) 20(1)  2(1) 8(1)  6(1) 
N(2) 31(1)  39(1) 19(1)  -2(1) 10(1)  3(1) 
N(3) 28(1)  39(1) 21(1)  -2(1) 8(1)  5(1) 
N(4) 32(1)  34(1) 24(1)  0(1) 10(1)  4(1) 
C(1) 30(1)  38(1) 20(1)  1(1) 9(1)  4(1) 
C(2) 42(1)  54(1) 20(1)  6(1) 8(1)  9(1) 
C(3) 47(1)  59(1) 22(1)  6(1) 15(1)  5(1) 
C(4) 39(1)  56(1) 20(1)  -2(1) 14(1)  3(1) 
C(5) 30(1)  35(1) 27(1)  -2(1) 12(1)  1(1) 
C(6) 41(1)  52(1) 34(1)  -4(1) 17(1)  11(1) 
C(7) 36(1)  42(1) 22(1)  2(1) 11(1)  9(1) 
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C(8) 37(1)  46(1) 28(1)  -2(1) 14(1)  6(1) 
C(9) 35(1)  60(2) 35(1)  2(1) 10(1)  8(1) 
C(10) 40(1)  68(2) 43(1)  18(1) 12(1)  14(1) 
C(11) 46(1)  59(2) 46(1)  22(1) 18(1)  11(1) 
C(12) 40(1)  50(1) 35(1)  11(1) 16(1)  9(1) 
C(13) 38(1)  45(1) 40(1)  -2(1) 12(1)  3(1) 
C(14) 47(1)  58(2) 56(1)  6(1) 25(1)  2(1) 
C(15) 59(2)  57(2) 56(2)  -13(1) 12(1)  -4(1) 
C(16) 40(1)  47(1) 51(1)  17(1) 13(1)  6(1) 
C(17) 55(2)  58(2) 79(2)  6(1) 17(1)  1(1) 
C(18) 48(1)  82(2) 78(2)  31(2) 29(1)  6(1) 
C(19) 31(1)  35(1) 23(1)  0(1) 8(1)  3(1) 
C(20) 39(1)  56(1) 32(1)  9(1) 11(1)  19(1) 
C(21) 29(1)  43(1) 21(1)  0(1) 8(1)  10(1) 
C(22) 34(1)  47(1) 28(1)  -2(1) 13(1)  4(1) 
C(23) 40(1)  56(1) 31(1)  5(1) 16(1)  8(1) 
C(24) 43(1)  60(1) 26(1)  6(1) 16(1)  18(1) 
C(25) 39(1)  52(1) 24(1)  -2(1) 6(1)  18(1) 
C(26) 30(1)  46(1) 20(1)  -1(1) 3(1)  10(1) 
C(27) 45(1)  48(1) 41(1)  -5(1) 23(1)  -1(1) 
C(28) 44(1)  48(1) 43(1)  -2(1) 8(1)  3(1) 
C(29) 78(2)  52(2) 34(1)  -1(1) 6(1)  2(1) 
C(30) 40(1)  46(1) 36(1)  -8(1) 10(1)  5(1) 
C(31) 47(1)  78(2) 54(2)  -15(1) 2(1)  -9(1) 
C(32) 61(2)  46(1) 67(2)  -1(1) 22(1)  3(1) 
B(1) 54(2)  67(2) 32(1)  5(1) 20(1)  4(1) 
F(1) 83(1)  86(1) 42(1)  -3(1) 14(1)  -21(1) 
F(2) 67(1)  104(1) 80(1)  26(1) 45(1)  13(1) 
F(3) 65(1)  124(2) 44(1)  28(1) 29(1)  13(1) 




Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
For 3.22 at 150K. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(2A) 4057 7256 7205 49 
H(2B) 3858 6078 7128 49 
H(3A) 3190 6951 7768 51 
H(3B) 2586 6388 6994 51 
H(4A) 2093 7997 6983 46 
H(4B) 2918 8497 7116 46 
H(6A) 973 9713 5397 63 
H(6B) 1712 9650 6239 63 
H(6C) 1001 8868 6007 63 
H(9) -876 9159 3033 54 
H(10) -521 10617 2603 63 
H(11) 789 11103 3125 61 
H(13) 420 7488 4520 51 
H(14A) -410 8516 4863 79 
H(14B) -782 7420 4613 79 
H(14C) -1121 8338 4016 79 
H(15A) -12 6946 3214 93 
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H(15B) -871 7393 2993 93 
H(15C) -552 6465 3583 93 
H(16) 2430 9797 4583 58 
H(17A) 1997 11057 5183 102 
H(17B) 1839 11797 4466 102 
H(17C) 2720 11455 5031 102 
H(18A) 2287 10025 3292 103 
H(18B) 2898 10822 3871 103 
H(18C) 2017 11161 3301 103 
H(20A) 4278 5255 6227 66 
H(20B) 4775 6272 6498 66 
H(20C) 4631 5762 5684 66 
H(23) 4918 7602 3853 51 
H(24) 4707 6135 3137 51 
H(25) 3864 4912 3203 49 
H(27) 3910 8285 5021 51 
H(28A) 3704 9129 3852 73 
H(28B) 4638 9186 4143 73 
H(28C) 4237 9772 4612 73 
H(29A) 5179 8891 5808 91 
H(29B) 5531 8198 5348 91 
H(29C) 5147 7696 5866 91 
H(30) 2835 5022 4423 52 
H(31A) 2042 5257 3069 100 
H(31B) 1989 4117 3306 100 
H(31C) 2523 4402 2871 100 
H(32A) 3951 3944 4852 90 
H(32B) 3679 3570 3971 90 

































































































































Symmetry transformations used to generate equivalent atoms: 
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A1.3.9    Crystallographic Data for 3.22 at 200 K. 
 






Table 1.  Crystal data and structure refinement 3.22 at 200 K. 
Identification code  C32H46BCl2F4FeN4_200K 
Empirical formula  C32 H46 B Cl2 F4 Fe N4 
Formula weight  700.29 
Temperature  200(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 2(1)/c 
Unit cell dimensions a = 19.0241(11) Å = 90°. 
 b = 13.3780(9) Å = 116.142(3)°. 
 c = 19.0251(12) Å  = 90°. 
Volume 4346.7(5) Å3 
Z 4 
Density (calculated) 1.070 Mg/m3 
Absorption coefficient 0.509 mm-1 
F(000) 1468 
Crystal size 0.18 x 0.12 x 0.10 mm3 
Theta range for data collection 1.93 to 28.37°. 
Index ranges -25<=h<=22, 0<=k<=17, 0<=l<=25 
Reflections collected 10806 
Independent reflections 10806 [R(int) = 0.0000] 
Completeness to theta = 28.37° 99.4 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9508 and 0.9139 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10806 / 1 / 418 
Goodness-of-fit on F2 0.940 
Final R indices [I>2sigma(I)] R1 = 0.0523, wR2 = 0.1285 
R indices (all data) R1 = 0.1027, wR2 = 0.1419 
Extinction coefficient na 
Largest diff. peak and hole 0.480 and -0.319 e.Å-3 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for 3.22 at 200 K.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Fe(1) 2219(1) 7360(1) 4516(1) 36(1) 
Cl(1) 1553(6) 6007(5) 4562(9) 56(2) 
Cl(2) 1946(7) 7691(12) 3337(4) 63(2) 
Cl(1X) 1435(4) 6045(7) 4264(10) 64(2) 
Cl(2X) 2121(7) 8006(11) 3397(5) 59(2) 
N(1) 3317(1) 6885(1) 6094(1) 35(1) 
N(2) 2319(1) 7957(1) 6011(1) 34(1) 
N(3) 3327(1) 6698(1) 4913(1) 34(1) 
N(4) 1596(1) 8500(1) 4766(1) 35(1) 
C(1) 2679(1) 7430(2) 5675(1) 33(1) 
C(2) 3656(2) 6805(2) 6959(1) 45(1) 
C(3) 3007(2) 6979(2) 7193(1) 48(1) 
C(4) 2579(2) 7954(2) 6866(1) 44(1) 
C(5) 1736(1) 8584(2) 5490(1) 33(1) 
C(6) 1350(2) 9274(2) 5818(2) 51(1) 
C(7) 997(1) 9112(2) 4174(1) 39(1) 
C(8) 221(1) 8794(2) 3848(1) 42(1) 
C(9) -328(2) 9388(2) 3265(2) 56(1) 
C(10) -121(2) 10260(2) 3020(2) 58(1) 
C(11) 642(2) 10547(2) 3346(2) 59(1) 
C(12) 1234(2) 9986(2) 3930(2) 49(1) 
C(13) -47(2) 7836(2) 4086(2) 50(1) 
C(14) -620(2) 8050(2) 4428(2) 64(1) 
C(15) -410(2) 7127(2) 3384(2) 78(1) 
C(16) 2066(2) 10361(2) 4286(2) 56(1) 
C(17) 2164(2) 11254(3) 4827(2) 80(1) 
C(18) 2323(2) 10655(3) 3651(2) 84(1) 
C(19) 3679(1) 6514(2) 5651(1) 34(1) 
C(20) 4431(2) 5965(2) 6069(2) 54(1) 
C(21) 3716(1) 6504(2) 4425(1) 37(1) 
C(22) 4215(1) 7250(2) 4394(1) 42(1) 
C(23) 4589(2) 7083(2) 3921(2) 48(1) 
C(24) 4466(2) 6218(2) 3489(2) 51(1) 
C(25) 3957(2) 5511(2) 3519(1) 48(1) 
C(26) 3569(1) 5619(2) 3996(1) 39(1) 
C(27) 4352(2) 8229(2) 4848(2) 50(1) 
C(28) 4198(2) 9136(2) 4324(2) 63(1) 
C(29) 5168(2) 8265(3) 5515(2) 79(1) 
C(30) 3035(2) 4822(2) 4034(2) 52(1) 
C(31) 2351(2) 4641(3) 3239(2) 82(1) 
C(32) 3479(2) 3845(2) 4356(2) 79(1) 
B(1) 3936(2) -29(3) 6489(2) 63(1) 
F(1) 4510(1) 363(2) 7132(1) 114(1) 
F(2) 3229(1) 120(2) 6513(1) 112(1) 
F(3) 3939(1) 390(2) 5838(1) 106(1) 




Table 3.   Bond lengths [Å] and angles [°] for  3.22 at 200 K. 
_____________________________________________________ 
Fe(1)-C(1)  1.984(2) 
Fe(1)-N(3)  2.0974(18) 
Fe(1)-N(4)  2.1096(18) 
Fe(1)-Cl(2)  2.113(8)  
Fe(1)-Cl(1X)  2.218(7) 
Fe(1)-Cl(2X)  2.227(8) 
Fe(1)-Cl(1)  2.234(6) 
N(1)-C(1)  1.336(3) 
N(1)-C(19)  1.392(3) 
N(1)-C(2)  1.484(3) 
N(2)-C(1)  1.327(3) 
N(2)-C(5)  1.396(3) 
N(2)-C(4)  1.478(3) 
N(3)-C(19)  1.286(3) 
N(3)-C(21)  1.442(3) 
N(4)-C(5)  1.287(3) 
N(4)-C(7)  1.453(3) 
C(2)-C(3)  1.503(3) 
C(2)-H(2A)  0.9900 
C(2)-H(2B)  0.9900 
C(3)-C(4)  1.519(4) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-C(6)  1.477(3) 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-C(8)  1.393(3) 
C(7)-C(12)  1.403(4) 
C(8)-C(9)  1.389(4) 
C(8)-C(13)  1.520(4) 
C(9)-C(10)  1.377(4) 
C(9)-H(9)  0.9500 
C(10)-C(11)  1.359(4) 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.401(4) 
C(11)-H(11)  0.9500 
C(12)-C(16)  1.507(4) 
C(13)-C(14)  1.523(4) 
C(13)-C(15)  1.531(4) 
C(13)-H(13)  1.0000 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(16)-C(17)  1.533(4) 
C(16)-C(18)  1.541(4) 
C(16)-H(16)  1.0000 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-C(20)  1.488(3) 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-C(26)  1.395(3) 
C(21)-C(22)  1.397(4) 
C(22)-C(23)  1.389(3) 
C(22)-C(27)  1.527(4) 
C(23)-C(24)  1.379(4) 
C(23)-H(23)  0.9500 
C(24)-C(25)  1.373(4) 
C(24)-H(24)  0.9500 
C(25)-C(26)  1.406(4) 
C(25)-H(25)  0.9500 
C(26)-C(30)  1.496(4) 
C(27)-C(29)  1.512(4) 
C(27)-C(28)  1.513(4) 
C(27)-H(27)  1.0000 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-C(31)  1.519(4) 
C(30)-C(32)  1.530(4) 
C(30)-H(30)  1.0000 
C(31)-H(31A)  0.9800 
C(31)-H(31B)  0.9800 
C(31)-H(31C)  0.9800 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9800 
B(1)-F(1)  1.337(4) 
B(1)-F(3)  1.360(4) 
B(1)-F(4)  1.378(5) 
































































































































































































Symmetry transformations used to generate equivalent atoms:  
  
 
Table 4.   Anisotropic displacement parameters  (Å2x 103) for 3.22 at 200 K.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Fe(1) 34(1)  46(1) 29(1)  0(1) 14(1)  9(1) 
Cl(1) 46(2)  44(1) 81(4)  -7(2) 30(2)  -1(1) 
Cl(2) 66(3)  97(4) 27(1)  8(2) 20(2)  35(3) 
Cl(1X) 40(2)  61(2) 84(4)  -27(2) 22(2)  -3(1) 
Cl(2X) 60(3)  89(4) 32(2)  16(2) 25(2)  32(2) 
N(1) 34(1)  46(1) 22(1)  2(1) 9(1)  6(1) 
N(2) 34(1)  45(1) 24(1)  -1(1) 14(1)  3(1) 
N(3) 33(1)  42(1) 26(1)  -2(1) 13(1)  5(1) 
N(4) 35(1)  40(1) 28(1)  -1(1) 12(1)  5(1) 
C(1) 33(1)  38(1) 28(1)  2(1) 14(1)  4(1) 
C(2) 48(2)  62(2) 21(1)  3(1) 12(1)  9(1) 
C(3) 53(2)  64(2) 25(1)  8(1) 16(1)  7(1) 
C(4) 47(2)  63(2) 26(1)  -3(1) 19(1)  1(1) 
C(5) 30(1)  37(1) 32(1)  -4(1) 14(1)  1(1) 
C(6) 52(2)  58(2) 43(2)  -7(1) 22(1)  14(1) 
C(7) 41(1)  45(2) 30(1)  0(1) 13(1)  10(1) 
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C(8) 39(1)  51(2) 36(1)  -2(1) 18(1)  9(1) 
C(9) 42(2)  75(2) 44(2)  -1(1) 14(1)  10(1) 
C(10) 46(2)  77(2) 47(2)  25(2) 17(1)  20(2) 
C(11) 56(2)  64(2) 54(2)  24(1) 22(2)  16(1) 
C(12) 46(2)  59(2) 42(2)  11(1) 21(1)  11(1) 
C(13) 41(2)  54(2) 52(2)  -6(1) 18(1)  0(1) 
C(14) 48(2)  67(2) 83(2)  9(2) 34(2)  3(1) 
C(15) 69(2)  68(2) 81(2)  -29(2) 17(2)  -8(2) 
C(16) 48(2)  53(2) 63(2)  21(1) 19(1)  9(1) 
C(17) 71(2)  66(2) 90(3)  2(2) 24(2)  1(2) 
C(18) 62(2)  93(3) 99(3)  35(2) 39(2)  6(2) 
C(19) 33(1)  36(1) 32(1)  2(1) 12(1)  5(1) 
C(20) 48(2)  72(2) 40(2)  16(1) 18(1)  25(1) 
C(21) 32(1)  51(2) 26(1)  -2(1) 10(1)  10(1) 
C(22) 36(1)  54(2) 36(1)  -2(1) 15(1)  7(1) 
C(23) 47(2)  61(2) 40(2)  7(1) 23(1)  8(1) 
C(24) 48(2)  74(2) 34(1)  10(1) 20(1)  22(1) 
C(25) 44(2)  60(2) 30(1)  -7(1) 7(1)  20(1) 
C(26) 33(1)  48(2) 29(1)  -2(1) 7(1)  9(1) 
C(27) 51(2)  53(2) 53(2)  -10(1) 30(1)  -5(1) 
C(28) 60(2)  58(2) 58(2)  -1(2) 14(2)  0(1) 
C(29) 93(2)  65(2) 49(2)  -3(2) 4(2)  3(2) 
C(30) 48(2)  53(2) 46(2)  -13(1) 12(1)  4(1) 
C(31) 51(2)  109(3) 64(2)  -13(2) 5(2)  -11(2) 
C(32) 75(2)  57(2) 92(3)  0(2) 26(2)  12(2) 
B(1) 59(2)  87(3) 47(2)  15(2) 26(2)  6(2) 
F(1) 122(2)  141(2) 57(1)  -14(1) 18(1)  -47(2) 
F(2) 104(2)  142(2) 114(2)  42(2) 71(2)  17(1) 
F(3) 94(2)  169(2) 68(1)  44(1) 46(1)  23(1) 




Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for 3.22 at 200 K. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(2A) 4073 7311 7206 54 
H(2B) 3886 6134 7131 54 
H(3A) 3229 6991 7771 57 
H(3B) 2630 6418 7000 57 
H(4A) 2121 8013 6981 52 
H(4B) 2931 8528 7111 52 
H(6A) 1008 9732 5408 76 
H(6B) 1748 9659 6247 76 
H(6C) 1037 8888 6017 76 
H(9) -861 9185 3029 67 
H(10) -509 10659 2627 70 
H(11) 779 11148 3171 71 
H(13) 424 7501 4499 60 
H(14A) -384 8523 4863 96 
H(14B) -745 7426 4618 96 
H(14C) -1101 8339 4022 96 
H(15A) -26 6982 3185 117 
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H(15B) -872 7442 2971 117 
H(15C) -564 6503 3548 117 
H(16) 2415 9810 4607 68 
H(17A) 1995 11064 5226 120 
H(17B) 1843 11813 4518 120 
H(17C) 2715 11456 5081 120 
H(18A) 2270 10077 3315 126 
H(18B) 2870 10874 3901 126 
H(18C) 1992 11201 3334 126 
H(20A) 4330 5314 6243 81 
H(20B) 4784 6354 6524 81 
H(20C) 4673 5866 5714 81 
H(23) 4938 7575 3896 57 
H(24) 4730 6112 3172 61 
H(25) 3863 4927 3206 57 
H(27) 3974 8251 5082 60 
H(28A) 3683 9071 3875 95 
H(28B) 4602 9184 4139 95 
H(28C) 4207 9739 4621 95 
H(29A) 5238 8894 5803 119 
H(29B) 5554 8224 5305 119 
H(29C) 5240 7701 5869 119 
H(30) 2820 5053 4400 62 
H(31A) 2053 5262 3050 123 
H(31B) 2009 4124 3287 123 
H(31C) 2548 4419 2868 123 
H(32A) 3932 3974 4859 118 
H(32B) 3659 3574 3984 118 

































































































































Symmetry transformations used to generate equivalent atoms:   
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A1.3.1    Crystallographic Data for 3.22 at 298 K. 
 




Table 1.  Crystal data and structure refinement for 3.22 at 298 K. 
Identification code  C32H46BCl2F4FeN4_298K 
Empirical formula  C32 H46 B Cl2 F4 Fe N4 
Formula weight  700.29 
Temperature  298(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P 2(1)/c 
Unit cell dimensions a = 19.2475(3) Å = 90°. 
 b = 13.5333(2) Å = 116.9130(10)°. 
 c = 19.2087(2) Å  = 90°. 
Volume 4461.62(11) Å3 
Z 4 
Density (calculated) 1.043 Mg/m3 
Absorption coefficient 4.134 mm-1 
F(000) 1468 
Crystal size 0.18 x 0.12 x 0.10 mm3 
Theta range for data collection 2.57 to 66.38°. 
Index ranges -22<=h<=20, 0<=k<=15, 0<=l<=22 
Reflections collected 7616 
Independent reflections 7616 [R(int) = 0.0000] 
Completeness to theta = 66.38° 97.1 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.6826 and 0.5232 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7616 / 41 / 425 
Goodness-of-fit on F2 0.961 
Final R indices [I>2sigma(I)] R1 = 0.0473, wR2 = 0.1236 
R indices (all data) R1 = 0.0821, wR2 = 0.1352 
Extinction coefficient na 
Largest diff. peak and hole 0.238 and -0.260 e.Å-3 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for 3.22 at 298 K.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Fe(1) 2218(1) 7372(1) 4508(1) 54(1) 
Cl(1) 1477(1) 6071(1) 4343(2) 96(1) 
Cl(2) 2093(2) 7933(3) 3393(1) 94(1) 
Cl(1X) 1635(8) 6117(11) 4705(8) 61(4) 
Cl(2X) 1860(9) 7499(12) 3353(8) 75(4) 
N(1) 3336(1) 6936(2) 6105(1) 53(1) 
N(2) 2343(1) 7985(2) 6010(1) 52(1) 
N(3) 3341(1) 6710(2) 4934(1) 51(1) 
N(4) 1588(1) 8516(2) 4759(1) 53(1) 
C(1) 2707(2) 7472(2) 5691(1) 51(1) 
C(2) 3682(2) 6870(3) 6975(1) 70(1) 
C(3) 3032(2) 7038(3) 7196(2) 73(1) 
C(4) 2596(2) 7982(3) 6864(2) 66(1) 
C(5) 1748(2) 8600(2) 5491(1) 54(1) 
C(6) 1377(2) 9288(3) 5811(2) 78(1) 
C(7) 997(2) 9134(2) 4180(1) 58(1) 
C(8) 222(2) 8821(3) 3837(2) 61(1) 
C(9) -317(2) 9425(3) 3271(2) 80(1) 
C(10) -117(2) 10306(3) 3054(2) 94(1) 
C(11) 656(2) 10596(3) 3389(2) 90(1) 
C(12) 1232(2) 10013(3) 3965(2) 73(1) 
C(13) -41(2) 7873(3) 4049(2) 76(1) 
C(14) -617(2) 8060(3) 4385(3) 103(1) 
C(15) -411(3) 7166(4) 3334(3) 118(2) 
C(16) 2068(2) 10383(3) 4333(2) 90(1) 
C(17) 2170(3) 11242(4) 4891(3) 125(2) 
C(18) 2327(3) 10678(4) 3715(3) 125(2) 
C(19) 3705(2) 6565(2) 5676(1) 53(1) 
C(20) 4462(2) 6062(3) 6107(2) 78(1) 
C(21) 3742(2) 6515(2) 4464(1) 54(1) 
C(22) 4246(2) 7240(3) 4443(2) 61(1) 
C(23) 4616(2) 7061(3) 3978(2) 71(1) 
C(24) 4471(2) 6206(3) 3540(2) 76(1) 
C(25) 3963(2) 5516(3) 3565(2) 71(1) 
C(26) 3583(2) 5642(3) 4025(2) 60(1) 
C(27) 4397(2) 8197(3) 4894(2) 73(1) 
C(28) 4181(2) 9091(3) 4356(2) 100(1) 
C(29) 5227(3) 8288(3) 5517(2) 116(2) 
C(30) 3037(2) 4869(3) 4053(2) 72(1) 
C(31) 2366(2) 4662(4) 3247(2) 122(2) 
C(32) 3463(3) 3904(3) 4394(3) 123(2) 
B(1) 3999(4) -11(5) 6525(3) 109(2) 
F(1) 4551(4) 328(6) 7156(2) 201(3) 
F(2) 3293(3) 96(4) 6557(3) 170(2) 
F(3) 3986(3) 415(4) 5891(2) 155(2) 
F(4) 4080(5) -1006(4) 6513(4) 195(3) 
F(1X) 4671(13) -480(20) 7016(13) 160(9) 
F(2X) 4337(15) 800(16) 6327(16) 185(11) 
F(3X) 3584(10) -481(16) 5947(10) 132(7) 






Table 3.   Bond lengths [Å] and angles [°] for  3.22 at 298 K. 
_____________________________________________________ 
Fe(1)-Cl(2X)  2.009(14) 
Fe(1)-C(1)  2.033(2) 
Fe(1)-N(3)  2.132(2) 
Fe(1)-N(4)  2.152(2)  
Fe(1)-Cl(1X)  2.162(13) 
Fe(1)-Cl(2)  2.1798(16) 
Fe(1)-Cl(1)  2.1980(14) 
N(1)-C(1)  1.325(3) 
N(1)-C(19)  1.401(3) 
N(1)-C(2)  1.496(3) 
N(2)-C(1)  1.317(3) 
N(2)-C(5)  1.402(3) 
N(2)-C(4)  1.486(3) 
N(3)-C(19)  1.286(3) 
N(3)-C(21)  1.453(3) 
N(4)-C(5)  1.301(3) 
N(4)-C(7)  1.443(3) 
C(2)-C(3)  1.508(4) 
C(2)-H(2A)  0.9700 
C(2)-H(2B)  0.9700 
C(3)-C(4)  1.503(4) 
C(3)-H(3A)  0.9700 
C(3)-H(3B)  0.9700 
C(4)-H(4A)  0.9700 
C(4)-H(4B)  0.9700 
C(5)-C(6)  1.468(4) 
C(6)-H(6A)  0.9600 
C(6)-H(6B)  0.9600 
C(6)-H(6C)  0.9600 
C(7)-C(8)  1.396(4) 
C(7)-C(12)  1.400(5) 
C(8)-C(9)  1.381(4) 
C(8)-C(13)  1.501(5) 
C(9)-C(10)  1.374(5) 
C(9)-H(9)  0.9300 
C(10)-C(11)  1.385(5) 
C(10)-H(10)  0.9300 
C(11)-C(12)  1.402(4) 
C(11)-H(11)  0.9300 
C(12)-C(16)  1.519(5) 
C(13)-C(14)  1.536(5) 
C(13)-C(15)  1.556(5) 
C(13)-H(13)  0.9800 
C(14)-H(14A)  0.9600 
C(14)-H(14B)  0.9600 
C(14)-H(14C)  0.9600 
C(15)-H(15A)  0.9600 
C(15)-H(15B)  0.9600 
C(15)-H(15C)  0.9600 
C(16)-C(17)  1.532(6) 
C(16)-C(18)  1.536(5) 
C(16)-H(16)  0.9800 
C(17)-H(17A)  0.9600 
C(17)-H(17B)  0.9600 
C(17)-H(17C)  0.9600 
C(18)-H(18A)  0.9600 
C(18)-H(18B)  0.9600 
C(18)-H(18C)  0.9600 
C(19)-C(20)  1.476(4) 
C(20)-H(20A)  0.9600 
C(20)-H(20B)  0.9600 
C(20)-H(20C)  0.9600 
C(21)-C(22)  1.392(4) 
C(21)-C(26)  1.402(4) 
C(22)-C(23)  1.393(4) 
C(22)-C(27)  1.512(5) 
C(23)-C(24)  1.383(5) 
C(23)-H(23)  0.9300 
C(24)-C(25)  1.367(5) 
C(24)-H(24)  0.9300 
C(25)-C(26)  1.389(4) 
C(25)-H(25)  0.9300 
C(26)-C(30)  1.501(5) 
C(27)-C(29)  1.506(5) 
C(27)-C(28)  1.522(5) 
C(27)-H(27)  0.9800 
C(28)-H(28A)  0.9600 
C(28)-H(28B)  0.9600 
C(28)-H(28C)  0.9600 
C(29)-H(29A)  0.9600 
C(29)-H(29B)  0.9600 
C(29)-H(29C)  0.9600 
C(30)-C(32)  1.524(5) 
C(30)-C(31)  1.527(4) 
C(30)-H(30)  0.9800 
C(31)-H(31A)  0.9600 
C(31)-H(31B)  0.9600 
C(31)-H(31C)  0.9600 
C(32)-H(32A)  0.9600 
C(32)-H(32B)  0.9600 
C(32)-H(32C)  0.9600 
B(1)-F(3X)  1.214(16) 
B(1)-F(1)  1.282(6) 
B(1)-F(4X)  1.299(17) 
B(1)-F(3)  1.339(6) 
B(1)-F(4)  1.357(7) 
B(1)-F(1X)  1.361(18) 
B(1)-F(2)  1.396(6) 






















































































































































































































Symmetry transformations used to generate equivalent atoms:  
Table 4.   Anisotropic displacement parameters  (Å2x 103) for 3.22 at 298 K..  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Fe(1) 52(1)  66(1) 43(1)  -1(1) 20(1)  10(1) 
Cl(1) 71(1)  78(1) 139(2)  -31(1) 46(1)  -8(1) 
Cl(2) 95(1)  145(2) 52(1)  28(1) 42(1)  49(1) 
608 
 
N(1) 54(1)  62(2) 39(1)  4(1) 17(1)  8(1) 
N(2) 58(1)  61(2) 38(1)  -5(1) 24(1)  3(1) 
N(3) 46(1)  60(2) 42(1)  0(1) 16(1)  6(1) 
N(4) 54(1)  54(2) 47(1)  -3(1) 21(1)  4(1) 
C(1) 49(2)  61(2) 40(1)  -2(1) 18(1)  0(1) 
C(2) 67(2)  95(3) 39(1)  11(1) 16(1)  11(2) 
C(3) 76(2)  98(3) 46(2)  12(2) 30(2)  6(2) 
C(4) 70(2)  93(3) 41(1)  -2(2) 30(1)  -2(2) 
C(5) 52(2)  59(2) 51(1)  -3(1) 24(1)  0(2) 
C(6) 85(2)  87(3) 67(2)  -8(2) 41(2)  22(2) 
C(7) 61(2)  62(2) 48(1)  5(1) 22(1)  11(2) 
C(8) 57(2)  66(2) 60(2)  -3(2) 25(1)  7(2) 
C(9) 61(2)  96(3) 72(2)  6(2) 18(2)  13(2) 
C(10) 80(3)  108(4) 81(2)  34(2) 26(2)  31(2) 
C(11) 80(3)  93(3) 96(2)  33(2) 38(2)  20(2) 
C(12) 69(2)  81(3) 68(2)  15(2) 29(2)  13(2) 
C(13) 64(2)  74(3) 84(2)  -4(2) 27(2)  7(2) 
C(14) 88(3)  105(4) 134(3)  14(3) 67(3)  7(3) 
C(15) 100(3)  112(4) 115(3)  -37(3) 25(3)  -7(3) 
C(16) 76(2)  75(3) 111(3)  28(2) 36(2)  11(2) 
C(17) 98(3)  107(4) 154(4)  -21(3) 43(3)  -19(3) 
C(18) 107(3)  132(4) 156(4)  41(3) 76(3)  1(3) 
C(19) 54(2)  55(2) 47(1)  1(1) 20(1)  8(1) 
C(20) 64(2)  108(3) 58(2)  18(2) 23(2)  31(2) 
C(21) 48(2)  70(2) 42(1)  0(1) 17(1)  11(2) 
C(22) 58(2)  72(2) 54(2)  3(1) 27(1)  9(2) 
C(23) 66(2)  82(3) 67(2)  8(2) 32(2)  13(2) 
C(24) 79(2)  98(3) 56(2)  7(2) 34(2)  27(2) 
C(25) 75(2)  80(3) 52(2)  -6(2) 23(2)  30(2) 
C(26) 54(2)  69(2) 46(1)  -2(1) 12(1)  15(2) 
C(27) 81(2)  74(3) 73(2)  -13(2) 45(2)  -13(2) 
C(28) 93(3)  77(3) 105(3)  1(2) 22(2)  0(2) 
C(29) 133(4)  89(4) 83(2)  -7(2) 10(2)  -5(3) 
C(30) 68(2)  65(2) 71(2)  -15(2) 21(2)  6(2) 
C(31) 79(3)  149(5) 98(3)  -26(3) 5(2)  -17(3) 
C(32) 117(3)  82(4) 155(4)  25(3) 48(3)  11(3) 
B(1) 120(5)  131(6) 84(3)  1(3) 52(3)  -12(4) 
F(1) 227(6)  232(7) 80(2)  -31(3) 13(3)  -110(5) 
F(2) 142(4)  233(6) 173(4)  48(4) 103(3)  -6(4) 
F(3) 142(3)  245(6) 96(2)  62(3) 69(2)  9(3) 




Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for 3.22 at 298 K. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(2A) 4084 7367 7215 84 
H(2B) 3913 6224 7151 84 
H(3A) 2671 6487 7009 87 
H(3B) 3249 7056 7760 87 
H(4A) 2146 8023 6964 79 
H(4B) 2930 8545 7107 79 
H(6A) 993 9674 5396 116 
H(6B) 1765 9719 6182 116 
H(6C) 1131 8922 6066 116 
H(9) -836 9229 3027 96 
H(10) -499 10705 2683 112 
H(11) 795 11182 3231 108 
H(13) 419 7545 4452 92 
H(14A) -393 8520 4811 154 
H(14B) -725 7449 4570 154 
H(14C) -1092 8328 3986 154 
H(15A) -37 7026 3144 177 
H(15B) -861 7474 2928 177 
H(15C) -562 6561 3489 177 
H(16) 2404 9841 4642 108 
H(17A) 2002 11040 5270 187 
H(17B) 1863 11794 4600 187 
H(17C) 2709 11430 5152 187 
H(18A) 2271 10122 3382 188 
H(18B) 2863 10882 3968 188 
H(18C) 2009 11213 3407 188 
H(20A) 4407 5532 6410 118 
H(20B) 4841 6526 6447 118 
H(20C) 4630 5801 5743 118 
H(23) 4965 7524 3961 85 
H(24) 4719 6099 3229 92 
H(25) 3870 4946 3266 86 
H(27) 4062 8203 5156 87 
H(28A) 3673 8994 3927 150 
H(28B) 4556 9172 4161 150 
H(28C) 4175 9672 4641 150 
H(29A) 5291 8899 5793 175 
H(29B) 5571 8277 5279 175 
H(29C) 5348 7745 5875 175 
H(30) 2816 5111 4391 86 
H(31A) 2067 5253 3046 183 
H(31B) 2039 4154 3288 183 
H(31C) 2572 4448 2901 183 
H(32A) 3907 4033 4885 185 
H(32B) 3631 3614 4040 185 





































































































































A1.4    X-Ray Crystallography Data from Chapter 4 






Table 1.  Crystal data and structure refinement for C34H49N5ClFeSbF6, 4.17. 
Identification code  C34H49N5ClFeSbF6 
Empirical formula  C34 H49 Cl F6 Fe N5 Sb 
Formula weight  854.83 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 2(1)/c 
Unit cell dimensions a = 16.892(2) Å = 90°. 
 b = 15.3049(18) Å = 104.189(5)°. 
 c = 15.4079(17) Å  = 90°. 
Volume 3862.0(8) Å3 
Z 4 
Density (calculated) 1.470 Mg/m3 
Absorption coefficient 1.203 mm-1 
F(000) 1744 
Crystal size 0.22 x 0.20 x 0.16 mm3 
Theta range for data collection 1.82 to 33.93°. 
Index ranges -26<=h<=25, -23<=k<=22, -24<=l<=22 
Reflections collected 91863 
Independent reflections 14175 [R(int) = 0.0388] 
Completeness to theta = 28.28° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8308 and 0.7777 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 14175 / 0 / 436 
Goodness-of-fit on F2 1.010 
Final R indices [I>2sigma(I)] R1 = 0.0272, wR2 = 0.0611 
R indices (all data) R1 = 0.0398, wR2 = 0.0661 
Extinction coefficient na 
Largest diff. peak and hole 1.112 and -0.511 e.Å-3 
615 
 
Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for C34H49N5ClFeSbF6, 4.17.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Fe(1) 2955(1) 489(1) 8173(1) 11(1) 
Cl(1) 4029(1) 1247(1) 7886(1) 18(1) 
N(1) 1915(1) 585(1) 6495(1) 14(1) 
N(2) 1799(1) 1727(1) 7483(1) 13(1) 
N(3) 2729(1) -465(1) 7265(1) 14(1) 
N(4) 2466(1) 1334(1) 8886(1) 13(1) 
N(5) 3528(1) -195(1) 9259(1) 18(1) 
C(1) 2170(1) 984(1) 7306(1) 12(1) 
C(2) 1289(1) 957(1) 5748(1) 17(1) 
C(3) 1255(1) 1938(1) 5890(1) 17(1) 
C(4) 1146(1) 2167(1) 6814(1) 16(1) 
C(5) 1980(1) 1900(1) 8389(1) 14(1) 
C(6) 1621(1) 2690(1) 8697(1) 22(1) 
C(7) 2630(1) 1385(1) 9852(1) 14(1) 
C(8) 3259(1) 1915(1) 10339(1) 18(1) 
C(9) 3394(1) 1924(1) 11272(1) 23(1) 
C(10) 2930(1) 1417(1) 11701(1) 24(1) 
C(11) 2323(1) 881(1) 11210(1) 21(1) 
C(12) 2163(1) 852(1) 10276(1) 16(1) 
C(13) 3813(1) 2438(1) 9897(1) 24(1) 
C(14) 3814(1) 3410(1) 10141(1) 38(1) 
C(15) 4675(1) 2052(1) 10160(1) 32(1) 
C(16) 1477(1) 291(1) 9741(1) 20(1) 
C(17) 663(1) 768(1) 9644(1) 27(1) 
C(18) 1449(1) -615(1) 10149(1) 28(1) 
C(19) 2235(1) -243(1) 6502(1) 15(1) 
C(20) 1968(1) -789(1) 5684(1) 23(1) 
C(21) 3159(1) -1285(1) 7348(1) 16(1) 
C(22) 2908(1) -1960(1) 7839(1) 20(1) 
C(23) 3360(1) -2734(1) 7949(1) 26(1) 
C(24) 4034(1) -2827(1) 7598(1) 27(1) 
C(25) 4270(1) -2158(1) 7119(1) 25(1) 
C(26) 3841(1) -1367(1) 6982(1) 19(1) 
C(27) 2164(1) -1858(1) 8217(1) 24(1) 
C(28) 2185(1) -2458(1) 9017(1) 34(1) 
C(29) 1369(1) -2008(1) 7499(1) 36(1) 
C(30) 4136(1) -646(1) 6458(1) 24(1) 
C(31) 5030(1) -420(1) 6863(1) 36(1) 
C(32) 4014(1) -890(1) 5465(1) 30(1) 
C(33) 3712(1) -482(1) 9956(1) 21(1) 
C(34) 3918(1) -824(1) 10867(1) 35(1) 
Sb(1) 557(1) 5056(1) 8028(1) 18(1) 
F(1) 1642(1) 4781(1) 8611(1) 30(1) 
F(2) 928(1) 5810(1) 7264(1) 39(1) 
F(3) -532(1) 5331(1) 7482(1) 31(1) 
F(4) 202(1) 4290(1) 8802(1) 37(1) 
F(5) 538(1) 4145(1) 7210(1) 30(1) 




Table 3.   Bond lengths [Å] and angles [°] for  C34H49N5ClFeSbF6, 4.17. 
_____________________________________________________ 
Fe(1)-C(1)  1.8019(13) 
Fe(1)-N(3)  1.9944(11) 
Fe(1)-N(4)  2.0018(11) 
Fe(1)-N(5)  2.0087(12) 
Fe(1)-Cl(1)  2.2864(4) 
N(1)-C(1)  1.3631(16) 
N(1)-C(19)  1.3772(17) 
N(1)-C(2)  1.4734(16) 
N(2)-C(1)  1.3585(16) 
N(2)-C(5)  1.3790(16) 
N(2)-C(4)  1.4752(16) 
N(3)-C(19)  1.3082(17) 
N(3)-C(21)  1.4397(16) 
N(4)-C(5)  1.3057(16) 
N(4)-C(7)  1.4463(16) 
N(5)-C(33)  1.1315(18) 
C(2)-C(3)  1.5210(19) 
C(2)-H(2A)  0.9900 
C(2)-H(2B)  0.9900 
C(3)-C(4)  1.5194(18) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-C(6)  1.4817(18) 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-C(8)  1.3990(19) 
C(7)-C(12)  1.4036(18) 
C(8)-C(9)  1.400(2) 
C(8)-C(13)  1.516(2) 
C(9)-C(10)  1.380(2) 
C(9)-H(9A)  0.9500 
C(10)-C(11)  1.384(2) 
C(10)-H(10A)  0.9500 
C(11)-C(12)  1.3971(19) 
C(11)-H(11A)  0.9500 
C(12)-C(16)  1.514(2) 
C(13)-C(15)  1.530(2) 
C(13)-C(14)  1.533(2) 
C(13)-H(13A)  1.0000 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(16)-C(18)  1.528(2) 
C(16)-C(17)  1.531(2) 
C(16)-H(16A)  1.0000 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-C(20)  1.4872(18) 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-C(22)  1.406(2) 
C(21)-C(26)  1.407(2) 
C(22)-C(23)  1.398(2) 
C(22)-C(27)  1.517(2) 
C(23)-C(24)  1.382(2) 
C(23)-H(23A)  0.9500 
C(24)-C(25)  1.378(2) 
C(24)-H(24A)  0.9500 
C(25)-C(26)  1.400(2) 
C(25)-H(25A)  0.9500 
C(26)-C(30)  1.520(2) 
C(27)-C(28)  1.530(2) 
C(27)-C(29)  1.533(2) 
C(27)-H(27A)  1.0000 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-C(31)  1.525(2) 
C(30)-C(32)  1.539(2) 
C(30)-H(30A)  1.0000 
C(31)-H(31A)  0.9800 
C(31)-H(31B)  0.9800 
C(31)-H(31C)  0.9800 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9800 
C(33)-C(34)  1.457(2) 
C(34)-H(34A)  0.9800 
C(34)-H(34B)  0.9800 
C(34)-H(34C)  0.9800 
Sb(1)-F(2)  1.8635(10) 
Sb(1)-F(4)  1.8725(10) 
Sb(1)-F(5)  1.8730(9) 
Sb(1)-F(3)  1.8733(9) 
Sb(1)-F(6)  1.8764(9) 






































































































































































































Symmetry transformations used to generate equivalent atoms:  
 
 
Table 4.   Anisotropic displacement parameters  (Å2x 103) for C34H49N5ClFeSbF6, 4.17.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Fe(1) 13(1)  12(1) 9(1)  0(1) 2(1)  1(1) 
Cl(1) 16(1)  20(1) 17(1)  1(1) 4(1)  -2(1) 
N(1) 16(1)  14(1) 9(1)  -1(1) 1(1)  2(1) 
N(2) 16(1)  13(1) 10(1)  1(1) 3(1)  2(1) 
N(3) 17(1)  12(1) 14(1)  -1(1) 3(1)  2(1) 
N(4) 16(1)  14(1) 9(1)  0(1) 3(1)  -1(1) 
N(5) 20(1)  17(1) 15(1)  0(1) 3(1)  3(1) 
C(1) 14(1)  12(1) 10(1)  0(1) 4(1)  0(1) 
C(2) 18(1)  19(1) 10(1)  2(1) -1(1)  2(1) 
C(3) 20(1)  18(1) 12(1)  4(1) 3(1)  3(1) 
C(4) 19(1)  17(1) 13(1)  3(1) 3(1)  5(1) 
619 
 
C(5) 17(1)  14(1) 12(1)  -1(1) 5(1)  0(1) 
C(6) 32(1)  21(1) 16(1)  -1(1) 8(1)  10(1) 
C(7) 17(1)  16(1) 10(1)  -1(1) 3(1)  2(1) 
C(8) 19(1)  21(1) 15(1)  -4(1) 5(1)  -1(1) 
C(9) 22(1)  30(1) 15(1)  -7(1) 1(1)  -1(1) 
C(10) 24(1)  36(1) 11(1)  -1(1) 4(1)  6(1) 
C(11) 22(1)  28(1) 14(1)  3(1) 8(1)  4(1) 
C(12) 16(1)  20(1) 13(1)  0(1) 5(1)  1(1) 
C(13) 28(1)  24(1) 22(1)  -7(1) 9(1)  -9(1) 
C(14) 50(1)  25(1) 44(1)  -11(1) 21(1)  -13(1) 
C(15) 25(1)  42(1) 31(1)  -11(1) 10(1)  -12(1) 
C(16) 20(1)  25(1) 18(1)  -2(1) 8(1)  -5(1) 
C(17) 19(1)  34(1) 26(1)  5(1) 2(1)  -3(1) 
C(18) 26(1)  25(1) 37(1)  1(1) 14(1)  -4(1) 
C(19) 17(1)  15(1) 13(1)  -2(1) 3(1)  0(1) 
C(20) 28(1)  22(1) 16(1)  -8(1) -2(1)  3(1) 
C(21) 20(1)  13(1) 14(1)  -3(1) 0(1)  4(1) 
C(22) 27(1)  15(1) 17(1)  -2(1) 2(1)  1(1) 
C(23) 38(1)  16(1) 20(1)  0(1) 2(1)  5(1) 
C(24) 37(1)  20(1) 20(1)  -3(1) 0(1)  13(1) 
C(25) 27(1)  23(1) 21(1)  -6(1) 2(1)  9(1) 
C(26) 21(1)  18(1) 18(1)  -4(1) 1(1)  4(1) 
C(27) 32(1)  15(1) 28(1)  2(1) 9(1)  -1(1) 
C(28) 46(1)  24(1) 36(1)  6(1) 17(1)  0(1) 
C(29) 28(1)  32(1) 47(1)  7(1) 4(1)  -3(1) 
C(30) 25(1)  20(1) 28(1)  -6(1) 10(1)  3(1) 
C(31) 26(1)  36(1) 47(1)  -12(1) 12(1)  -3(1) 
C(32) 38(1)  28(1) 28(1)  -1(1) 14(1)  4(1) 
C(33) 20(1)  24(1) 19(1)  2(1) 4(1)  6(1) 
C(34) 32(1)  54(1) 18(1)  15(1) 4(1)  13(1) 
Sb(1) 18(1)  19(1) 14(1)  -1(1) 2(1)  4(1) 
F(1) 20(1)  31(1) 35(1)  -3(1) -2(1)  7(1) 
F(2) 52(1)  36(1) 29(1)  7(1) 9(1)  -11(1) 
F(3) 23(1)  41(1) 25(1)  -8(1) -4(1)  13(1) 
F(4) 38(1)  48(1) 22(1)  9(1) 2(1)  -14(1) 
F(5) 34(1)  25(1) 30(1)  -10(1) 4(1)  6(1) 




Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for C34H49N5ClFeSbF6, 4.17. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(2A) 750 691 5730 20 
H(2B) 1428 833 5172 20 
H(3A) 1766 2206 5812 21 
H(3B) 796 2187 5431 21 
H(4A) 1182 2807 6905 19 
H(4B) 605 1969 6874 19 
H(6A) 1782 2718 9352 34 
H(6B) 1025 2664 8495 34 
H(6C) 1820 3212 8448 34 
H(9A) 3812 2285 11617 28 
620 
 
H(10A) 3027 1437 12334 28 
H(11A) 2012 529 11511 25 
H(13A) 3605 2383 9234 29 
H(14A) 3256 3638 9961 57 
H(14B) 4163 3733 9829 57 
H(14C) 4025 3479 10789 57 
H(15A) 4654 1433 9994 48 
H(15B) 4894 2110 10808 48 
H(15C) 5028 2367 9848 48 
H(16A) 1568 213 9128 24 
H(17A) 694 1346 9379 40 
H(17B) 551 836 10235 40 
H(17C) 224 429 9256 40 
H(18A) 1974 -908 10205 43 
H(18B) 1014 -961 9761 43 
H(18C) 1339 -556 10742 43 
H(20A) 2223 -1367 5792 35 
H(20B) 2131 -508 5184 35 
H(20C) 1372 -853 5537 35 
H(23A) 3201 -3205 8270 31 
H(24A) 4337 -3356 7688 32 
H(25A) 4732 -2235 6877 30 
H(27A) 2157 -1242 8431 29 
H(28A) 2691 -2357 9478 51 
H(28B) 2163 -3069 8822 51 
H(28C) 1715 -2332 9264 51 
H(29A) 902 -1935 7765 54 
H(29B) 1366 -2602 7259 54 
H(29C) 1331 -1584 7015 54 
H(30A) 3803 -112 6490 28 
H(31A) 5104 -266 7495 54 
H(31B) 5187 76 6540 54 
H(31C) 5372 -926 6813 54 
H(32A) 4210 -413 5150 46 
H(32B) 3432 -990 5197 46 
H(32C) 4322 -1423 5417 46 
H(34A) 3662 -460 11245 52 
H(34B) 4512 -815 11102 52 






































































































































Table 1.  Crystal data and structure refinement for sad, 4.18. 
Identification code  C32H47ClFeN4(C6H6)0.5 
Empirical formula  C35 H50 Cl Fe N4 
Formula weight  618.09 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P 2(1)/n 
Unit cell dimensions a = 12.8176(6) Å = 90°. 
 b = 17.0334(8) Å = 112.468(2)°. 
 c = 16.3747(8) Å  = 90°. 
Volume 3303.7(3) Å3 
Z 4 
Density (calculated) 1.243 Mg/m3 
Absorption coefficient 4.614 mm-1 
F(000) 1324 
Crystal size 0.30 x 0.25 x 0.18 mm3 
Theta range for data collection 3.76 to 69.76°. 
Index ranges -15<=h<=15, -20<=k<=19, -19<=l<=19 
Reflections collected 23144 
Independent reflections 5871 [R(int) = 0.0546] 
Completeness to theta = 66.50° 98.4 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.4905 and 0.3382 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5871 / 0 / 376 
Goodness-of-fit on F2 1.023 
Final R indices [I>2sigma(I)] R1 = 0.0358, wR2 = 0.1015 
R indices (all data) R1 = 0.0366, wR2 = 0.1030 
Extinction coefficient na 
Largest diff. peak and hole 0.299 and -0.453 e.Å-3 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for sad, 4.18.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Fe(1) 2912(1) 789(1) 6782(1) 10(1) 
Cl(1) 2190(1) 1895(1) 6051(1) 21(1) 
N(1) 2709(1) -812(1) 7300(1) 14(1) 
N(2) 4495(1) -502(1) 7244(1) 14(1) 
N(3) 1966(1) 369(1) 7485(1) 13(1) 
N(4) 4661(1) 823(1) 7119(1) 12(1) 
C(1) 3268(1) -414(1) 6787(1) 12(1) 
C(2) 3009(1) -1639(1) 7495(1) 17(1) 
C(3) 4281(1) -1707(1) 7976(1) 18(1) 
C(4) 4911(2) -1308(1) 7464(1) 19(1) 
C(5) 5147(1) 134(1) 7313(1) 12(1) 
C(6) 6403(1) 18(1) 7602(1) 19(1) 
C(7) 5306(1) 1507(1) 7122(1) 13(1) 
C(8) 5463(1) 1724(1) 6348(1) 16(1) 
C(9) 6116(2) 2388(1) 6379(1) 22(1) 
C(10) 6590(2) 2828(1) 7141(1) 24(1) 
C(11) 6386(1) 2628(1) 7887(1) 20(1) 
C(12) 5730(1) 1973(1) 7886(1) 16(1) 
C(13) 4931(2) 1269(1) 5490(1) 20(1) 
C(14) 5819(2) 929(1) 5179(1) 31(1) 
C(15) 4098(2) 1782(1) 4761(1) 28(1) 
C(16) 5480(2) 1784(1) 8702(1) 19(1) 
C(17) 6525(2) 1477(1) 9459(1) 28(1) 
C(18) 4995(2) 2497(1) 9000(1) 24(1) 
C(19) 2022(1) -399(1) 7589(1) 13(1) 
C(20) 1349(2) -846(1) 8016(1) 19(1) 
C(21) 1112(2) 811(1) 7648(1) 14(1) 
C(22) 1408(1) 1266(1) 8427(1) 14(1) 
C(23) 563(2) 1712(1) 8542(1) 18(1) 
C(24) -533(2) 1722(1) 7916(1) 20(1) 
C(25) -803(2) 1283(1) 7157(1) 18(1) 
C(26) 9(2) 825(1) 7005(1) 16(1) 
C(27) 2608(1) 1272(1) 9122(1) 16(1) 
C(28) 2927(2) 494(1) 9628(1) 27(1) 
C(29) 2828(2) 1934(1) 9799(1) 24(1) 
C(30) -332(1) 374(1) 6140(1) 23(1) 
C(31) -770(2) 931(1) 5348(1) 31(1) 
C(32) -1201(2) -261(1) 6070(2) 36(1) 
C(33) 791(2) -516(1) 10554(1) 33(1) 
C(34) 202(2) -708(1) 9680(2) 33(1) 




Table 3.   Bond lengths [Å] and angles [°] for  sad, 4.18. 
_____________________________________________________ 
Fe(1)-N(3)  2.0919(13) 
Fe(1)-N(4)  2.0949(14) 
Fe(1)-C(1)  2.0984(16) 
Fe(1)-Cl(1)  2.2344(5) 
N(1)-C(19)  1.346(2) 
N(1)-C(1)  1.463(2) 
N(1)-C(2)  1.463(2) 
N(2)-C(5)  1.346(2) 
N(2)-C(4)  1.467(2) 
N(2)-C(1)  1.468(2) 
N(3)-C(19)  1.317(2) 
N(3)-C(21)  1.435(2) 
N(4)-C(5)  1.309(2) 
N(4)-C(7)  1.427(2) 
C(1)-H(1)  1.00(2) 
C(2)-C(3)  1.520(2) 
C(2)-H(2A)  0.9900 
C(2)-H(2B)  0.9900 
C(3)-C(4)  1.527(2) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-C(6)  1.507(2) 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-C(12)  1.404(2) 
C(7)-C(8)  1.407(2) 
C(8)-C(9)  1.397(2) 
C(8)-C(13)  1.518(2) 
C(9)-C(10)  1.381(3) 
C(9)-H(9A)  0.9500 
C(10)-C(11)  1.386(3) 
C(10)-H(10A)  0.9500 
C(11)-C(12)  1.396(2) 
C(11)-H(11A)  0.9500 
C(12)-C(16)  1.523(2) 
C(13)-C(14)  1.528(2) 
C(13)-C(15)  1.534(3) 
C(13)-H(13A)  1.0000 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(16)-C(18)  1.527(2) 
C(16)-C(17)  1.528(3) 
C(16)-H(16A)  1.0000 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-C(20)  1.507(2) 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-C(26)  1.403(3) 
C(21)-C(22)  1.415(2) 
C(22)-C(23)  1.394(2) 
C(22)-C(27)  1.524(2) 
C(23)-C(24)  1.387(3) 
C(23)-H(23A)  0.9500 
C(24)-C(25)  1.376(3) 
C(24)-H(24A)  0.9500 
C(25)-C(26)  1.397(2) 
C(25)-H(25A)  0.9500 
C(26)-C(30)  1.522(2) 
C(27)-C(29)  1.530(2) 
C(27)-C(28)  1.534(3) 
C(27)-H(27A)  1.0000 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-C(32)  1.526(3) 
C(30)-C(31)  1.530(3) 
C(30)-H(30A)  1.0000 
C(31)-H(31A)  0.9800 
C(31)-H(31B)  0.9800 
C(31)-H(31C)  0.9800 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9800 
C(33)-C(34)  1.378(3) 
C(33)-C(35)#1  1.388(3) 
C(33)-H(33A)  0.9500 
C(34)-C(35)  1.378(3) 
C(34)-H(34A)  0.9500 
C(35)-C(33)#1  1.388(3) 























































































































































































Symmetry transformations used to generate equivalent atoms:  
#1 -x,-y,-z+2       
 
 
Table 4.   Anisotropic displacement parameters  (Å2x 103) for sad, 4.18.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Fe(1) 10(1)  9(1) 12(1)  1(1) 4(1)  1(1) 
Cl(1) 25(1)  15(1) 22(1)  7(1) 9(1)  7(1) 
N(1) 15(1)  10(1) 19(1)  1(1) 8(1)  1(1) 
N(2) 12(1)  11(1) 19(1)  0(1) 6(1)  2(1) 
N(3) 13(1)  12(1) 14(1)  1(1) 6(1)  2(1) 
N(4) 11(1)  13(1) 12(1)  0(1) 3(1)  0(1) 
C(1) 11(1)  13(1) 14(1)  -2(1) 4(1)  0(1) 
C(2) 18(1)  9(1) 25(1)  0(1) 9(1)  0(1) 
C(3) 20(1)  11(1) 24(1)  3(1) 8(1)  4(1) 
C(4) 16(1)  12(1) 28(1)  2(1) 9(1)  4(1) 
C(5) 13(1)  14(1) 11(1)  0(1) 5(1)  1(1) 
C(6) 12(1)  17(1) 26(1)  2(1) 6(1)  1(1) 
C(7) 9(1)  11(1) 18(1)  2(1) 4(1)  1(1) 
C(8) 13(1)  18(1) 17(1)  4(1) 6(1)  3(1) 
C(9) 20(1)  23(1) 24(1)  7(1) 12(1)  -1(1) 
C(10) 20(1)  17(1) 35(1)  4(1) 11(1)  -5(1) 
C(11) 15(1)  17(1) 23(1)  -2(1) 3(1)  -2(1) 
C(12) 12(1)  14(1) 18(1)  0(1) 4(1)  0(1) 
C(13) 20(1)  25(1) 16(1)  1(1) 9(1)  -1(1) 
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C(14) 30(1)  38(1) 27(1)  -6(1) 13(1)  6(1) 
C(15) 25(1)  42(1) 17(1)  3(1) 8(1)  7(1) 
C(16) 21(1)  18(1) 16(1)  -4(1) 6(1)  -5(1) 
C(17) 40(1)  23(1) 21(1)  4(1) 11(1)  9(1) 
C(18) 23(1)  28(1) 22(1)  -2(1) 9(1)  4(1) 
C(19) 10(1)  14(1) 12(1)  1(1) 2(1)  1(1) 
C(20) 21(1)  15(1) 24(1)  4(1) 13(1)  2(1) 
C(21) 16(1)  11(1) 16(1)  3(1) 9(1)  1(1) 
C(22) 18(1)  12(1) 16(1)  2(1) 9(1)  0(1) 
C(23) 23(1)  15(1) 19(1)  -1(1) 12(1)  0(1) 
C(24) 20(1)  15(1) 28(1)  2(1) 15(1)  6(1) 
C(25) 15(1)  17(1) 23(1)  3(1) 7(1)  2(1) 
C(26) 17(1)  13(1) 18(1)  1(1) 8(1)  0(1) 
C(27) 16(1)  18(1) 14(1)  -1(1) 7(1)  0(1) 
C(28) 31(1)  22(1) 21(1)  3(1) 3(1)  2(1) 
C(29) 27(1)  24(1) 20(1)  -6(1) 8(1)  -2(1) 
C(30) 12(1)  29(1) 22(1)  -9(1) 0(1)  5(1) 
C(31) 23(1)  48(1) 18(1)  -4(1) 4(1)  -2(1) 
C(32) 32(1)  20(1) 40(1)  -8(1) -4(1)  0(1) 
C(33) 28(1)  42(1) 35(1)  10(1) 21(1)  -1(1) 
C(34) 36(1)  32(1) 42(1)  -4(1) 27(1)  -7(1) 




Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for sad, 4.18. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(1) 3028(19) -718(12) 6224(15) 20(5) 
H(2A) 2762 -1944 6938 20 
H(2B) 2625 -1854 7868 20 
H(3A) 4495 -2268 8060 22 
H(3B) 4508 -1462 8567 22 
H(4A) 5731 -1300 7828 22 
H(4B) 4791 -1605 6916 22 
H(6A) 6762 522 7585 28 
H(6B) 6552 -353 7202 28 
H(6C) 6710 -190 8205 28 
H(9A) 6237 2541 5864 26 
H(10A) 7053 3267 7153 28 
H(11A) 6697 2939 8405 23 
H(13A) 4498 821 5600 24 
H(14A) 6347 602 5649 46 
H(14B) 6233 1358 5040 46 
H(14C) 5447 608 4650 46 
H(15A) 3534 2000 4967 42 
H(15B) 3719 1463 4232 42 
H(15C) 4508 2212 4618 42 
H(16A) 4896 1361 8538 23 
H(17A) 6823 1019 9258 42 
H(17B) 6320 1326 9956 42 
H(17C) 7102 1889 9649 42 
H(18A) 4325 2685 8507 36 
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H(18B) 5563 2915 9187 36 
H(18C) 4785 2349 9495 36 
H(20A) 854 -482 8163 28 
H(20B) 1864 -1099 8557 28 
H(20C) 890 -1246 7606 28 
H(23A) 743 2019 9063 22 
H(24A) -1094 2031 8011 23 
H(25A) -1554 1291 6730 22 
H(27A) 3133 1351 8807 19 
H(28A) 2792 60 9208 41 
H(28B) 2464 420 9980 41 
H(28C) 3726 505 10020 41 
H(29A) 2636 2439 9491 36 
H(29B) 3627 1934 10193 36 
H(29C) 2362 1853 10146 36 
H(30A) 358 108 6128 28 
H(31A) -196 1330 5403 46 
H(31B) -1461 1187 5333 46 
H(31C) -932 633 4802 46 
H(32A) -905 -610 6584 54 
H(32B) -1357 -566 5529 54 
H(32C) -1901 -15 6054 54 
H(33A) 1334 -869 10935 39 
H(34A) 340 -1196 9459 39 

















































































































Symmetry transformations used to generate equivalent atoms:  










Table 1.  Crystal data and structure refinement for sad, 4.25. 
Identification code  C36H56ClFeN4Si 
Empirical formula  C36 H56 Cl Fe N4 Si 
Formula weight  664.23 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P 21/n 
Unit cell dimensions a = 12.196(4) Å = 90°. 
 b = 17.148(6) Å = 108.919(12)°. 
 c = 17.960(6) Å  = 90°. 
Volume 3553(2) Å3 
Z 4 
Density (calculated) 1.242 Mg/m3 
Absorption coefficient 4.635 mm-1 
F(000) 1428 
Crystal size 0.160 x 0.080 x 0.040 mm3 
Theta range for data collection 3.662 to 66.806°. 
Index ranges -14<=h<=9, -20<=k<=19, -20<=l<=20 
Reflections collected 30365 
Independent reflections 6175 [R(int) = 0.0550] 
Completeness to theta = 67.679° 96.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7532 and 0.4396 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6175 / 128 / 393 
Goodness-of-fit on F2 1.036 
Final R indices [I>2sigma(I)] R1 = 0.0442, wR2 = 0.1194 
R indices (all data) R1 = 0.0531, wR2 = 0.1260 
Extinction coefficient na 
Largest diff. peak and hole 0.665 and -0.583 e.Å-3 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for sad, 4.25.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Fe(1) 7628(1) 2273(1) 200(1) 23(1) 
Cl(1) 6086(1) 2249(1) -925(1) 38(1) 
Si(3) 7879(1) 349(1) 4(1) 27(1) 
N(1) 10041(2) 2275(1) 1011(1) 26(1) 
N(2) 8916(2) 1501(1) 1606(1) 25(1) 
N(3) 8839(2) 3063(1) 77(1) 24(1) 
N(4) 7490(2) 2422(1) 1338(1) 24(1) 
C(1) 9046(2) 1755(1) 870(1) 24(1) 
C(2) 11145(2) 1982(2) 1553(2) 31(1) 
C(3) 10982(2) 1715(2) 2317(2) 34(1) 
C(4) 9970(2) 1147(2) 2155(2) 29(1) 
C(5) 8152(2) 1932(1) 1848(1) 25(1) 
C(6) 8072(2) 1764(2) 2647(2) 31(1) 
C(7) 6752(2) 2957(1) 1569(1) 25(1) 
C(8) 7251(2) 3580(2) 2085(2) 28(1) 
C(9) 6499(2) 4121(2) 2236(2) 32(1) 
C(10) 5296(2) 4052(2) 1907(2) 34(1) 
C(11) 4832(2) 3429(2) 1415(2) 32(1) 
C(12) 5534(2) 2878(2) 1232(2) 28(1) 
C(13) 8555(2) 3662(2) 2511(2) 32(1) 
C(14) 9227(3) 3972(2) 2006(2) 58(1) 
C(15) 8850(3) 4157(2) 3251(2) 47(1) 
C(16) 5003(2) 2182(2) 726(2) 32(1) 
C(17) 4791(3) 1522(2) 1233(2) 43(1) 
C(18) 3882(3) 2381(2) 59(2) 48(1) 
C(19) 9899(2) 2913(2) 552(2) 26(1) 
C(20) 10928(2) 3418(2) 626(2) 33(1) 
C(21) 8655(2) 3625(1) -541(1) 24(1) 
C(22) 9137(2) 3494(2) -1143(2) 27(1) 
C(23) 8950(2) 4056(2) -1733(2) 30(1) 
C(24) 8275(2) 4703(2) -1751(2) 32(1) 
C(25) 7744(2) 4796(2) -1183(2) 30(1) 
C(26) 7921(2) 4267(1) -568(2) 27(1) 
C(27) 9743(2) 2731(2) -1207(2) 29(1) 
C(28) 8866(2) 2180(2) -1774(2) 36(1) 
C(29) 10810(2) 2833(2) -1467(2) 37(1) 
C(30) 7312(2) 4393(2) 28(2) 33(1) 
C(31) 5985(2) 4298(2) -341(2) 42(1) 
C(32) 7601(3) 5190(2) 430(2) 45(1) 
C(33) 8683(2) 1286(2) 190(2) 27(1) 
C(34) 7495(2) 183(2) -1078(2) 38(1) 
C(35) 8768(2) -492(2) 545(2) 40(1) 











Fe(1)-C(1)  1.970(2) 
Fe(1)-N(3)  2.069(2) 
Fe(1)-N(4)  2.118(2) 
Fe(1)-C(33)  2.130(3) 
Fe(1)-Cl(1)  2.2708(10) 
Si(3)-C(33)  1.855(3) 
Si(3)-C(36)  1.867(3) 
Si(3)-C(34)  1.868(3) 
Si(3)-C(35)  1.876(3) 
N(1)-C(19)  1.347(3) 
N(1)-C(1)  1.460(3) 
N(1)-C(2)  1.471(3) 
N(2)-C(5)  1.366(3) 
N(2)-C(1)  1.449(3) 
N(2)-C(4)  1.474(3) 
N(3)-C(19)  1.322(3) 
N(3)-C(21)  1.432(3) 
N(4)-C(5)  1.311(3) 
N(4)-C(7)  1.438(3) 
C(1)-C(33)  1.408(4) 
C(2)-C(3)  1.520(4) 
C(2)-H(2A)  0.9900 
C(2)-H(2B)  0.9900 
C(3)-C(4)  1.524(4) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-C(6)  1.498(3) 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-C(8)  1.415(4) 
C(7)-C(12)  1.417(3) 
C(8)-C(9)  1.393(4) 
C(8)-C(13)  1.532(4) 
C(9)-C(10)  1.397(4) 
C(9)-H(9)  0.9500 
C(10)-C(11)  1.384(4) 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.385(4) 
C(11)-H(11)  0.9500 
C(12)-C(16)  1.513(4) 
C(13)-C(14)  1.502(4) 
C(13)-C(15)  1.518(4) 
C(13)-H(13)  1.0000 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(16)-C(17)  1.526(4) 
C(16)-C(18)  1.537(4) 
C(16)-H(16)  1.0000 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-C(20)  1.494(3) 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-C(22)  1.406(3) 
C(21)-C(26)  1.410(3) 
C(22)-C(23)  1.397(4) 
C(22)-C(27)  1.525(3) 
C(23)-C(24)  1.375(4) 
C(23)-H(23)  0.9500 
C(24)-C(25)  1.384(4) 
C(24)-H(24)  0.9500 
C(25)-C(26)  1.392(4) 
C(25)-H(25)  0.9500 
C(26)-C(30)  1.504(4) 
C(27)-C(29)  1.528(4) 
C(27)-C(28)  1.538(4) 
C(27)-H(27)  1.0000 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-C(32)  1.533(4) 
C(30)-C(31)  1.545(4) 
C(30)-H(30)  1.0000 
C(31)-H(31A)  0.9800 
C(31)-H(31B)  0.9800 
C(31)-H(31C)  0.9800 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9800 
C(33)-H(33)  0.982(17) 
C(34)-H(34A)  0.9800 
C(34)-H(34B)  0.9800 
C(34)-H(34C)  0.9800 
C(35)-H(35A)  0.9800 
C(35)-H(35B)  0.9800 
C(35)-H(35C)  0.9800 
C(36)-H(36A)  0.9800 
C(36)-H(36B)  0.9800 
















































































































































































































Symmetry transformations used to generate equivalent atoms:  
  
 
Table 4.   Anisotropic displacement parameters  (Å2x 103) for sad, 4.25.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Fe(1) 18(1)  31(1) 21(1)  1(1) 8(1)  -1(1) 
Cl(1) 32(1)  50(1) 31(1)  3(1) 8(1)  -2(1) 
Si(3) 25(1)  32(1) 27(1)  -2(1) 12(1)  -2(1) 
N(1) 21(1)  32(1) 23(1)  -1(1) 6(1)  0(1) 
N(2) 22(1)  33(1) 22(1)  2(1) 9(1)  4(1) 
N(3) 21(1)  31(1) 21(1)  0(1) 10(1)  0(1) 
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N(4) 21(1)  31(1) 23(1)  -2(1) 11(1)  0(1) 
C(1) 17(1)  31(1) 24(1)  2(1) 10(1)  1(1) 
C(2) 21(1)  38(1) 31(1)  2(1) 5(1)  1(1) 
C(3) 28(1)  43(2) 26(1)  2(1) 4(1)  6(1) 
C(4) 27(1)  36(1) 24(1)  4(1) 8(1)  9(1) 
C(5) 23(1)  31(1) 22(1)  -2(1) 10(1)  -2(1) 
C(6) 31(1)  41(1) 25(1)  4(1) 15(1)  5(1) 
C(7) 25(1)  31(1) 21(1)  3(1) 12(1)  3(1) 
C(8) 27(1)  33(1) 24(1)  1(1) 10(1)  0(1) 
C(9) 34(1)  34(1) 31(1)  -6(1) 14(1)  -1(1) 
C(10) 32(1)  37(1) 38(2)  -2(1) 16(1)  8(1) 
C(11) 23(1)  42(2) 32(1)  2(1) 12(1)  4(1) 
C(12) 25(1)  35(1) 25(1)  2(1) 10(1)  1(1) 
C(13) 29(1)  34(1) 32(1)  -4(1) 9(1)  2(1) 
C(14) 35(2)  105(3) 33(2)  -7(2) 8(1)  -22(2) 
C(15) 39(2)  67(2) 31(2)  -8(2) 6(1)  5(2) 
C(16) 25(1)  41(2) 31(2)  -6(1) 12(1)  -1(1) 
C(17) 50(2)  45(2) 43(2)  -11(1) 27(1)  -14(1) 
C(18) 29(2)  66(2) 43(2)  -15(2) 4(1)  4(1) 
C(19) 24(1)  35(1) 22(1)  -5(1) 11(1)  -2(1) 
C(20) 27(1)  40(1) 31(1)  0(1) 7(1)  -7(1) 
C(21) 20(1)  30(1) 23(1)  0(1) 8(1)  -6(1) 
C(22) 19(1)  36(1) 26(1)  -1(1) 8(1)  -4(1) 
C(23) 26(1)  41(1) 23(1)  0(1) 10(1)  -5(1) 
C(24) 35(1)  35(1) 26(1)  4(1) 9(1)  -5(1) 
C(25) 28(1)  31(1) 32(1)  2(1) 10(1)  0(1) 
C(26) 24(1)  30(1) 30(1)  -2(1) 12(1)  -3(1) 
C(27) 25(1)  40(2) 24(1)  1(1) 10(1)  1(1) 
C(28) 32(2)  41(2) 35(2)  -5(1) 10(1)  3(1) 
C(29) 29(1)  51(2) 35(2)  3(1) 16(1)  5(1) 
C(30) 39(2)  32(1) 36(2)  3(1) 21(1)  4(1) 
C(31) 35(2)  44(2) 55(2)  9(1) 26(1)  9(1) 
C(32) 70(2)  34(2) 42(2)  -1(1) 32(2)  0(1) 
C(33) 24(1)  34(1) 26(1)  -1(1) 12(1)  -1(1) 
C(34) 39(2)  44(2) 33(2)  -11(1) 15(1)  -9(1) 
C(35) 37(2)  37(2) 50(2)  3(1) 18(1)  5(1) 




Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for sad, 4.25. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(2A) 11737 2399 1663 37 
H(2B) 11420 1540 1306 37 
H(3A) 10833 2173 2605 40 
H(3B) 11699 1459 2652 40 
H(4A) 10157 660 1925 35 
H(4B) 9835 1013 2654 35 
H(6A) 7437 2068 2724 47 
H(6B) 8802 1907 3050 47 
H(6C) 7924 1206 2689 47 
H(9) 6812 4550 2574 39 
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H(10) 4802 4429 2019 41 
H(11) 4014 3379 1199 38 
H(13) 8858 3127 2680 38 
H(14A) 9049 3661 1524 88 
H(14B) 10059 3940 2296 88 
H(14C) 9011 4517 1869 88 
H(15A) 8416 3968 3588 71 
H(15B) 8642 4702 3107 71 
H(15C) 9683 4121 3536 71 
H(16) 5578 1990 479 38 
H(17A) 4448 1076 898 64 
H(17B) 4260 1702 1506 64 
H(17C) 5528 1366 1621 64 
H(18A) 3580 1910 -249 72 
H(18B) 4045 2777 -284 72 
H(18C) 3304 2581 283 72 
H(20A) 10683 3881 294 50 
H(20B) 11496 3125 457 50 
H(20C) 11279 3578 1176 50 
H(23) 9297 3991 -2132 36 
H(24) 8173 5084 -2152 39 
H(25) 7248 5231 -1214 36 
H(27) 10001 2481 -675 35 
H(28A) 9249 1688 -1817 54 
H(28B) 8564 2424 -2294 54 
H(28C) 8224 2077 -1571 54 
H(29A) 11155 2322 -1492 56 
H(29B) 11377 3164 -1087 56 
H(29C) 10581 3078 -1988 56 
H(30) 7592 3984 444 40 
H(31A) 5618 4383 63 64 
H(31B) 5807 3771 -556 64 
H(31C) 5690 4681 -764 64 
H(32A) 7193 5250 815 68 
H(32B) 7357 5603 33 68 
H(32C) 8439 5227 698 68 
H(33) 9090(20) 1387(15) -190(14) 32 
H(34A) 7065 -308 -1219 57 
H(34B) 8205 154 -1220 57 
H(34C) 7013 615 -1363 57 
H(35A) 8302 -970 426 60 
H(35B) 9011 -392 1113 60 
H(35C) 9454 -555 380 60 
H(36A) 6135 -105 178 46 
H(36B) 6024 807 -24 46 























































































































Table 1.  Crystal data and structure refinement for sad, 4.36. 
Identification code  C52H66FeN4O4 
Empirical formula  C52 H66 Fe N4 O4 
Formula weight  866.93 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 21/c 
Unit cell dimensions a = 21.8857(9) Å = 90°. 
 b = 11.9407(5) Å = 114.688(2)°. 
 c = 19.5355(7) Å  = 90°. 
Volume 4638.6(3) Å3 
Z 4 
Density (calculated) 1.241 Mg/m3 
Absorption coefficient 0.374 mm-1 
F(000) 1856 
Crystal size 0.180 x 0.140 x 0.070 mm3 
Theta range for data collection 1.989 to 28.323°. 
Index ranges -29<=h<=28, -15<=k<=15, -25<=l<=26 
Reflections collected 128339 
Independent reflections 11472 [R(int) = 0.0673] 
Completeness to theta = 25.242° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7457 and 0.6591 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 11472 / 0 / 554 
Goodness-of-fit on F2 1.024 
Final R indices [I>2sigma(I)] R1 = 0.0431, wR2 = 0.0920 
R indices (all data) R1 = 0.0724, wR2 = 0.1035 
Extinction coefficient na 
Largest diff. peak and hole 0.647 and -0.497 e.Å-3 
645 
 
Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for sad, 4.36.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Fe(1) 2620(1) 8183(1) 7654(1) 16(1) 
O(1) 2200(1) 9527(1) 7132(1) 21(1) 
O(2) 68(1) 12376(1) 6651(1) 41(1) 
O(3) 3010(1) 7569(1) 7019(1) 22(1) 
O(4) 3887(1) 9630(1) 5057(1) 35(1) 
N(1) 1902(1) 7495(1) 8484(1) 16(1) 
N(2) 2888(1) 8530(1) 9177(1) 14(1) 
N(3) 1850(1) 7026(1) 7338(1) 18(1) 
N(4) 3517(1) 8679(1) 8514(1) 17(1) 
C(1) 2446(1) 8091(1) 8504(1) 14(1) 
C(2) 1727(1) 7416(2) 9134(1) 20(1) 
C(3) 2014(1) 8427(2) 9636(1) 22(1) 
C(4) 2763(1) 8546(2) 9864(1) 18(1) 
C(5) 1591(1) 6899(2) 7824(1) 18(1) 
C(6) 1019(1) 6156(2) 7747(1) 28(1) 
C(7) 1562(1) 6419(2) 6635(1) 20(1) 
C(8) 995(1) 6838(2) 6027(1) 24(1) 
C(9) 710(1) 6184(2) 5378(1) 26(1) 
C(10) 983(1) 5165(2) 5324(1) 26(1) 
C(11) 1564(1) 4798(2) 5908(1) 23(1) 
C(12) 1870(1) 5419(2) 6572(1) 19(1) 
C(13) 697(1) 7976(2) 6050(1) 32(1) 
C(14) -16(1) 7880(2) 6009(2) 50(1) 
C(15) 704(1) 8740(2) 5430(1) 42(1) 
C(16) 2503(1) 4989(2) 7209(1) 21(1) 
C(17) 2339(1) 4005(2) 7605(1) 31(1) 
C(18) 3040(1) 4672(2) 6938(1) 30(1) 
C(19) 3489(1) 8828(1) 9162(1) 15(1) 
C(20) 4041(1) 9244(2) 9872(1) 22(1) 
C(21) 4132(1) 8889(2) 8438(1) 19(1) 
C(22) 4229(1) 9928(2) 8168(1) 22(1) 
C(23) 4824(1) 10100(2) 8085(1) 28(1) 
C(24) 5300(1) 9264(2) 8252(1) 32(1) 
C(25) 5192(1) 8240(2) 8510(1) 28(1) 
C(26) 4608(1) 8022(2) 8607(1) 22(1) 
C(27) 3723(1) 10871(2) 7998(1) 26(1) 
C(28) 3537(1) 11383(2) 7219(1) 36(1) 
C(29) 3990(1) 11777(2) 8602(1) 35(1) 
C(30) 4518(1) 6888(2) 8902(1) 24(1) 
C(31) 5018(1) 6751(2) 9725(1) 34(1) 
C(32) 4594(1) 5927(2) 8431(1) 34(1) 
C(33) 1703(1) 10214(2) 7057(1) 18(1) 
C(34) 1262(1) 10051(2) 7403(1) 22(1) 
C(35) 730(1) 10783(2) 7270(1) 26(1) 
C(36) 628(1) 11693(2) 6798(1) 26(1) 
C(37) 1054(1) 11874(2) 6455(1) 27(1) 
C(38) 1584(1) 11147(2) 6584(1) 23(1) 
C(39) 212(1) 13525(2) 6808(1) 33(1) 
C(40) 3215(1) 8110(2) 6556(1) 18(1) 
C(41) 2793(1) 8835(2) 5998(1) 21(1) 
C(42) 3002(1) 9356(2) 5492(1) 22(1) 
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C(43) 3637(1) 9160(2) 5535(1) 23(1) 
C(44) 4071(1) 8465(2) 6094(1) 25(1) 
C(45) 3862(1) 7944(2) 6595(1) 22(1) 
C(46) 3415(1) 10149(2) 4397(1) 35(1) 
C(1S) 2877(1) 3092(2) 5029(1) 47(1) 
C(2S) 2498(1) 2379(2) 5271(1) 44(1) 
C(3S) 1899(1) 1958(2) 4760(1) 42(1) 
C(4S) 1683(1) 2217(2) 4019(1) 46(1) 
C(5S) 2047(1) 2915(2) 3772(1) 41(1) 




Table 3.   Bond lengths [Å] and angles [°] for  sad, 4.36. 
_____________________________________________________ 
Fe(1)-C(1)  1.8541(16) 
Fe(1)-O(1)  1.9170(13) 
Fe(1)-O(3)  1.9214(12) 
Fe(1)-N(3)  2.0647(14) 
Fe(1)-N(4)  2.0671(15) 
O(1)-C(33)  1.321(2) 
O(2)-C(36)  1.398(2) 
O(2)-C(39)  1.412(3) 
O(3)-C(40)  1.333(2) 
O(4)-C(43)  1.383(2) 
O(4)-C(46)  1.415(2) 
N(1)-C(1)  1.373(2) 
N(1)-C(5)  1.379(2) 
N(1)-C(2)  1.476(2) 
N(2)-C(1)  1.371(2) 
N(2)-C(19)  1.374(2) 
N(2)-C(4)  1.478(2) 
N(3)-C(5)  1.302(2) 
N(3)-C(7)  1.444(2) 
N(4)-C(19)  1.304(2) 
N(4)-C(21)  1.438(2) 
C(2)-C(3)  1.516(3) 
C(2)-H(2A)  0.9900 
C(2)-H(2B)  0.9900 
C(3)-C(4)  1.517(2) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-C(6)  1.490(2) 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-C(12)  1.402(3) 
C(7)-C(8)  1.404(3) 
C(8)-C(9)  1.394(3) 
C(8)-C(13)  1.516(3) 
C(9)-C(10)  1.379(3) 
C(9)-H(9)  0.9500 
C(10)-C(11)  1.379(3) 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.398(2) 
C(11)-H(11)  0.9500 
C(12)-C(16)  1.513(3) 
C(13)-C(15)  1.522(3) 
C(13)-C(14)  1.533(3) 
C(13)-H(13)  1.0000 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(16)-C(18)  1.525(3) 
C(16)-C(17)  1.530(3) 
C(16)-H(16)  1.0000 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-C(20)  1.493(2) 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-C(22)  1.398(3) 
C(21)-C(26)  1.406(3) 
C(22)-C(23)  1.394(3) 
C(22)-C(27)  1.515(3) 
C(23)-C(24)  1.379(3) 
C(23)-H(23)  0.9500 
C(24)-C(25)  1.379(3) 
C(24)-H(24)  0.9500 
C(25)-C(26)  1.393(3) 
C(25)-H(25)  0.9500 
C(26)-C(30)  1.517(3) 
C(27)-C(29)  1.526(3) 
C(27)-C(28)  1.528(3) 
C(27)-H(27)  1.0000 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
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C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-C(32)  1.523(3) 
C(30)-C(31)  1.529(3) 
C(30)-H(30)  1.0000 
C(31)-H(31A)  0.9800 
C(31)-H(31B)  0.9800 
C(31)-H(31C)  0.9800 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9800 
C(33)-C(38)  1.400(3) 
C(33)-C(34)  1.404(2) 
C(34)-C(35)  1.391(3) 
C(34)-H(34)  0.9500 
C(35)-C(36)  1.382(3) 
C(35)-H(35)  0.9500 
C(36)-C(37)  1.374(3) 
C(37)-C(38)  1.384(3) 
C(37)-H(37)  0.9500 
C(38)-H(38)  0.9500 
C(39)-H(39A)  0.9800 
C(39)-H(39B)  0.9800 
C(39)-H(39C)  0.9800 
C(40)-C(41)  1.397(3) 
C(40)-C(45)  1.400(3) 
C(41)-C(42)  1.395(3) 
C(41)-H(41)  0.9500 
C(42)-C(43)  1.379(3) 
C(42)-H(42)  0.9500 
C(43)-C(44)  1.384(3) 
C(44)-C(45)  1.388(3) 
C(44)-H(44)  0.9500 
C(45)-H(45)  0.9500 
C(46)-H(46A)  0.9800 
C(46)-H(46B)  0.9800 
C(46)-H(46C)  0.9800 
C(1S)-C(6S)  1.381(3) 
C(1S)-C(2S)  1.401(4) 
C(1S)-H(1S)  0.9500 
C(2S)-C(3S)  1.369(3) 
C(2S)-H(2S)  0.9500 
C(3S)-C(4S)  1.358(3) 
C(3S)-H(3S)  0.9500 
C(4S)-C(5S)  1.372(3) 
C(4S)-H(4S)  0.9500 
C(5S)-C(6S)  1.357(3) 
C(5S)-H(5S)  0.9500 





















































































































































































































































Symmetry transformations used to generate equivalent atoms:  
  
 
Table 4.   Anisotropic displacement parameters  (Å2x 103) for sad, 4.36.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Fe(1) 14(1)  19(1) 15(1)  -4(1) 6(1)  0(1) 
O(1) 19(1)  25(1) 20(1)  1(1) 10(1)  5(1) 
O(2) 24(1)  22(1) 77(1)  3(1) 20(1)  6(1) 
O(3) 34(1)  19(1) 21(1)  -2(1) 19(1)  0(1) 
O(4) 32(1)  49(1) 29(1)  12(1) 16(1)  -7(1) 
N(1) 15(1)  18(1) 18(1)  -1(1) 11(1)  -1(1) 
N(2) 16(1)  18(1) 12(1)  -1(1) 8(1)  0(1) 
N(3) 17(1)  17(1) 22(1)  -5(1) 11(1)  -4(1) 
N(4) 16(1)  21(1) 16(1)  3(1) 10(1)  4(1) 
C(1) 15(1)  15(1) 15(1)  0(1) 8(1)  0(1) 
C(2) 19(1)  26(1) 20(1)  3(1) 14(1)  1(1) 
C(3) 26(1)  28(1) 22(1)  1(1) 18(1)  4(1) 
C(4) 25(1)  21(1) 13(1)  -1(1) 13(1)  1(1) 
C(5) 15(1)  17(1) 22(1)  -2(1) 9(1)  -1(1) 
650 
 
C(6) 26(1)  32(1) 34(1)  -10(1) 20(1)  -12(1) 
C(7) 21(1)  21(1) 22(1)  -6(1) 14(1)  -7(1) 
C(8) 18(1)  26(1) 28(1)  -6(1) 10(1)  -4(1) 
C(9) 20(1)  31(1) 25(1)  -5(1) 7(1)  -7(1) 
C(10) 28(1)  28(1) 23(1)  -10(1) 13(1)  -12(1) 
C(11) 30(1)  18(1) 26(1)  -6(1) 17(1)  -7(1) 
C(12) 22(1)  19(1) 22(1)  -2(1) 14(1)  -6(1) 
C(13) 22(1)  33(1) 33(1)  -10(1) 3(1)  4(1) 
C(14) 34(1)  55(2) 62(2)  -9(1) 18(1)  12(1) 
C(15) 31(1)  31(1) 44(1)  -4(1) -3(1)  4(1) 
C(16) 26(1)  17(1) 23(1)  -5(1) 12(1)  -4(1) 
C(17) 36(1)  25(1) 31(1)  3(1) 13(1)  -2(1) 
C(18) 28(1)  30(1) 34(1)  -5(1) 15(1)  0(1) 
C(19) 17(1)  13(1) 16(1)  1(1) 7(1)  2(1) 
C(20) 20(1)  27(1) 19(1)  -5(1) 7(1)  -2(1) 
C(21) 16(1)  29(1) 16(1)  2(1) 9(1)  1(1) 
C(22) 21(1)  28(1) 18(1)  0(1) 10(1)  -2(1) 
C(23) 28(1)  36(1) 24(1)  0(1) 14(1)  -9(1) 
C(24) 21(1)  51(1) 28(1)  -4(1) 16(1)  -6(1) 
C(25) 19(1)  41(1) 26(1)  -1(1) 12(1)  5(1) 
C(26) 18(1)  32(1) 18(1)  0(1) 9(1)  3(1) 
C(27) 27(1)  22(1) 28(1)  3(1) 12(1)  -2(1) 
C(28) 49(1)  27(1) 27(1)  2(1) 11(1)  3(1) 
C(29) 43(1)  35(1) 29(1)  -2(1) 17(1)  1(1) 
C(30) 21(1)  29(1) 24(1)  6(1) 11(1)  8(1) 
C(31) 41(1)  36(1) 24(1)  3(1) 13(1)  9(1) 
C(32) 42(1)  35(1) 26(1)  0(1) 15(1)  3(1) 
C(33) 17(1)  18(1) 17(1)  -3(1) 5(1)  0(1) 
C(34) 23(1)  21(1) 24(1)  2(1) 11(1)  3(1) 
C(35) 22(1)  25(1) 37(1)  1(1) 18(1)  1(1) 
C(36) 16(1)  19(1) 40(1)  1(1) 8(1)  3(1) 
C(37) 22(1)  21(1) 33(1)  7(1) 8(1)  1(1) 
C(38) 22(1)  25(1) 24(1)  1(1) 10(1)  -2(1) 
C(39) 35(1)  21(1) 41(1)  -1(1) 13(1)  5(1) 
C(40) 25(1)  18(1) 13(1)  -6(1) 9(1)  -4(1) 
C(41) 23(1)  24(1) 17(1)  -4(1) 10(1)  0(1) 
C(42) 28(1)  20(1) 17(1)  -1(1) 8(1)  0(1) 
C(43) 29(1)  25(1) 16(1)  -1(1) 11(1)  -9(1) 
C(44) 20(1)  33(1) 20(1)  -4(1) 8(1)  -4(1) 
C(45) 23(1)  27(1) 14(1)  -2(1) 7(1)  1(1) 
C(46) 44(1)  38(1) 26(1)  7(1) 19(1)  -4(1) 
C(1S) 43(1)  42(2) 45(1)  -13(1) 7(1)  -3(1) 
C(2S) 65(2)  40(1) 24(1)  4(1) 15(1)  14(1) 
C(3S) 48(1)  46(2) 41(1)  2(1) 27(1)  -1(1) 
C(4S) 32(1)  66(2) 36(1)  -1(1) 10(1)  2(1) 
C(5S) 54(2)  42(1) 29(1)  9(1) 18(1)  14(1) 
C(6S) 57(2)  27(1) 51(1)  -3(1) 33(1)  -2(1) 
______________________________________________________________________________  
 
Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for sad, 4.36. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(2A) 1916 6720 9420 24 
651 
 
H(2B) 1232 7395 8958 24 
H(3A) 1929 8353 10094 27 
H(3B) 1781 9111 9365 27 
H(4A) 2926 9259 10139 21 
H(4B) 3007 7922 10201 21 
H(6A) 840 5796 7251 42 
H(6B) 665 6602 7799 42 
H(6C) 1176 5581 8141 42 
H(9) 319 6445 4966 32 
H(10) 771 4718 4885 31 
H(11) 1761 4111 5858 27 
H(13) 986 8331 6544 39 
H(14A) -189 8630 6032 76 
H(14B) -6 7431 6434 76 
H(14C) -310 7518 5535 76 
H(15A) 514 9471 5465 62 
H(15B) 434 8404 4938 62 
H(15C) 1167 8839 5489 62 
H(16) 2688 5607 7585 25 
H(17A) 2753 3737 8016 46 
H(17B) 2138 3397 7243 46 
H(17C) 2021 4249 7809 46 
H(18A) 3443 4408 7366 45 
H(18B) 3154 5329 6713 45 
H(18C) 2869 4076 6560 45 
H(20A) 4450 9352 9791 33 
H(20B) 4128 8694 10274 33 
H(20C) 3908 9958 10016 33 
H(23) 4903 10804 7910 34 
H(24) 5702 9394 8190 38 
H(25) 5524 7671 8624 33 
H(27) 3304 10557 8009 31 
H(28A) 3209 11984 7134 54 
H(28B) 3342 10803 6833 54 
H(28C) 3942 11689 7191 54 
H(29A) 3658 12380 8485 53 
H(29B) 4412 12079 8615 53 
H(29C) 4073 11454 9094 53 
H(30) 4053 6855 8880 29 
H(31A) 4956 6016 9910 51 
H(31B) 4942 7340 10030 51 
H(31C) 5478 6810 9763 51 
H(32A) 4529 5213 8639 52 
H(32B) 5044 5948 8440 52 
H(32C) 4256 6002 7911 52 
H(34) 1327 9433 7732 27 
H(35) 434 10657 7506 32 
H(37) 986 12498 6129 32 
H(38) 1875 11285 6345 28 
H(39A) 512 13621 7342 50 
H(39B) -208 13935 6692 50 
H(39C) 431 13816 6497 50 
H(41) 2354 8978 5962 25 
H(42) 2705 9847 5118 26 
H(44) 4514 8344 6135 30 
H(45) 4165 7465 6973 26 
652 
 
H(46A) 3058 9615 4115 52 
H(46B) 3642 10392 4083 52 
H(46C) 3219 10801 4535 52 
H(1S) 3293 3390 5380 56 
H(2S) 2657 2187 5789 53 
H(3S) 1636 1487 4923 51 
H(4S) 1272 1909 3664 56 
H(5S) 1888 3089 3252 49 



















































































































































Appendix 2  
_____________________________________________________________ 






A2.1    Coordinates from ORCA for (CDI)FeCl2 (3.19) 
 
Coordinates from ORCA (CDI)FeCl2 (3.19) 
BS(5,1) same soln. as BS(4,0) 
ZPE = -3648.072220660154 H 
   
  Fe     -0.141248      0.010487     -0.172481 
  Cl     -1.270947      0.255670     -2.119733 
  Cl      2.221212     -0.023715     -0.082547 
  N      -0.418120      2.120793      0.661453 
  N      -0.437956     -2.199216      0.313596 
  N       0.093755      0.960613      2.586860 
  N       0.062093     -1.372474      2.403645 
  C      -0.095914     -0.151550      1.843804 
  C       0.576032      0.920625      3.980171 
  H      -0.280622      0.956356      4.679602 
  H       1.206546      1.797829      4.177910 
  C       1.387246     -0.354824      4.177979 
  H       2.297738     -0.305688      3.555847 
  H       1.695611     -0.446177      5.232613 
  C       0.566875     -1.573342      3.775696 
  H       1.196132     -2.473510      3.806423 
  H      -0.276713     -1.728767      4.474044 
  C      -0.195838     -2.468594      1.541758 
  C      -0.181813     -3.842157      2.157690 
  H      -0.611292     -4.567456      1.452653 
  H      -0.760698     -3.867741      3.096219 
  H       0.847899     -4.169069      2.389399 
  C      -0.714039     -3.212694     -0.660221 
  C       0.354739     -3.936822     -1.244399 
  C       0.041886     -4.881120     -2.235647 
  H       0.852503     -5.445176     -2.705601 
  C      -1.272871     -5.108458     -2.639205 
  H      -1.493412     -5.849424     -3.414616 
  C      -2.307575     -4.372344     -2.060285 
  H      -3.336108     -4.545510     -2.391203 
  C      -2.055348     -3.403582     -1.079131 
  C       1.818809     -3.709553     -0.865648 
  H       1.865273     -2.954839     -0.065137 
  C       2.484339     -4.997194     -0.336580 
  H       3.493311     -4.776689      0.059374 
  H       2.600017     -5.754266     -1.134469 
  H       1.892941     -5.461350      0.473871 
  C       2.614183     -3.111622     -2.042937 
  H       3.640157     -2.860348     -1.717963 
  H       2.145272     -2.179224     -2.397130 
  H       2.680857     -3.819289     -2.890777 
  C      -3.211961     -2.605800     -0.476871 
  H      -2.772497     -1.773192      0.094926 
  C      -4.037188     -3.461054      0.505403 
  H      -3.407818     -3.900734      1.300804 
  H      -4.538192     -4.295705     -0.019215 
  H      -4.820833     -2.848111      0.990025 
  C      -4.121757     -1.974714     -1.546342 
  H      -3.531928     -1.357113     -2.242919 
Coordinates from ORCA (CDI)FeCl2 (3.19) 
BS(3,1) same soln. as BS(2,0) 
ZPE = -3648.063584850536 H 
 
  Fe     -0.068459     -0.041262      0.093672 
  Cl     -0.780495      0.110796     -2.061290 
  Cl      2.302117     -0.058591      0.176698 
  N      -0.410082      1.920464      0.671305 
  N      -0.456477     -2.051279      0.392584 
  N       0.158267      0.967136      2.654169 
  N       0.091218     -1.394349      2.498322 
  C       0.045138     -0.167166      1.908838 
  C       0.525831      0.937748      4.076520 
  H      -0.381083      1.020506      4.704899 
  H       1.172599      1.796606      4.306572 
  C       1.269063     -0.366326      4.363635 
  H       2.235577     -0.355828      3.831076 
  H       1.473258     -0.445858      5.444239 
  C       0.459182     -1.578794      3.908790 
  H       1.062069     -2.492550      4.013179 
  H      -0.450065     -1.701726      4.527210 
  C      -0.178203     -2.427525      1.604662 
  C      -0.137391     -3.836109      2.122733 
  H      -0.546906     -4.527293      1.374088 
  H      -0.718590     -3.933818      3.055814 
  H       0.900723     -4.147887      2.340439 
  C      -0.734924     -3.025735     -0.632252 
  C       0.326097     -3.744494     -1.234937 
  C       0.000443     -4.692249     -2.218482 
  H       0.804870     -5.253691     -2.701510 
  C      -1.319890     -4.924962     -2.600082 
  H      -1.551445     -5.672440     -3.366086 
  C      -2.345354     -4.181923     -2.015525 
  H      -3.377853     -4.352202     -2.335859 
  C      -2.077483     -3.208865     -1.042273 
  C       1.795501     -3.490216     -0.904815 
  H       1.856610     -2.775310     -0.071098 
  C       2.537096     -4.770332     -0.472116 
  H       3.548710     -4.517514     -0.103154 
  H       2.660352     -5.482482     -1.309578 
  H       2.001919     -5.302069      0.336632 
  C       2.500902     -2.800490     -2.090395 
  H       3.523544     -2.500185     -1.800321 
  H       1.957533     -1.887429     -2.385710 
  H       2.565024     -3.472642     -2.967043 
  C      -3.224715     -2.387665     -0.458456 
  H      -2.777964     -1.573676      0.134120 
  C      -4.102589     -3.225406      0.491433 
  H      -3.506674     -3.685950      1.301059 
  H      -4.611482     -4.043608     -0.051263 
  H      -4.882941     -2.594699      0.958585 
  C      -4.072911     -1.721298     -1.556309 
  H      -3.433337     -1.110287     -2.215799 
657 
 
  H      -4.872403     -1.320058     -1.063994 
  H      -4.674416     -2.737791     -2.125666 
  C      -0.161347      2.185326      1.915007 
  C      -0.125916      3.441200      2.744897 
  H      -0.489278      4.290441      2.150160 
  H       0.904789      3.669977      3.071568 
  H      -0.748729      3.347647      3.650940 
  C      -0.856991      3.256744     -0.093296 
  C      -2.221484      3.637478     -0.025559 
  C      -2.640554      4.731107     -0.796991 
  H      -3.689302      5.042908     -0.759538 
  C      -1.754155      5.422933     -1.621482 
  H      -2.103326      6.276104     -2.212130 
  C      -0.426267      5.005901     -1.702078 
  H       0.261406      5.533861     -2.369554 
  C       0.049483      3.914438     -0.959488 
  C      -3.256356      2.863449      0.791735 
  H      -2.732353      2.073822      1.352977 
  C      -4.256217      2.148265     -0.139166 
  H      -3.723660      1.498494     -0.855302 
  H      -4.857795      2.874315     -0.717150 
  H      -4.956234      1.525029      0.449468 
  C      -3.984580      3.748229      1.821669 
  H      -4.676224      3.137906      2.433133 
  H      -4.585036      4.536725      1.332026 
  H      -3.276105      4.249818      2.506968 
  C       1.488683      3.444607     -1.152016 
  H       1.683373      2.616583     -0.454214 
  C       1.690216      2.874399     -2.571449 
  H       0.946292      2.090476     -2.790562 
  H       2.695221      2.422970     -2.658488 
  H       1.595287      3.665624     -3.339810 
  C       2.524710      4.542420     -0.852683 
  H       2.425604      4.937330      0.176285 
  H       2.435098      5.400710     -1.544292 
  H       3.544413      4.128124     -0.964333 
  H      -4.832457     -1.059176     -1.099828 
  H      -4.611981     -2.463533     -2.174041 
  C      -0.091135      2.120379      1.914046 
  C       0.007118      3.444569      2.615786 
  H      -0.307437      4.254222      1.943444 
  H       1.048271      3.641106      2.932093 
  H      -0.623620      3.468546      3.521577 
  C      -0.864698      3.005532     -0.161054 
  C      -2.233452      3.364999     -0.094290 
  C      -2.682608      4.417627     -0.904809 
  H      -3.735477      4.715051     -0.865446 
  C      -1.816647      5.089521     -1.766249 
  H      -2.186775      5.910618     -2.388995 
  C      -0.481267      4.696584     -1.839760 
  H       0.191268      5.212746     -2.531270 
  C       0.024103      3.647709     -1.055436 
  C      -3.238310      2.625676      0.788792 
  H      -2.700231      1.826655      1.322656 
  C      -4.313811      1.931832     -0.067468 
  H      -3.844829      1.267146     -0.812886 
  H      -4.938226      2.666059     -0.609552 
  H      -4.986281      1.325955      0.569426 
  C      -3.873761      3.540251      1.853427 
  H      -4.549080      2.958820      2.509803 
  H      -4.472144      4.346936      1.391628 
  H      -3.109118      4.021364      2.491280 
  C       1.484852      3.237228     -1.215358 
  H       1.683580      2.382436     -0.552679 
  C       1.777084      2.752654     -2.649739 
  H       1.073587      1.954961     -2.938324 
  H       2.801011      2.339091     -2.704228 
  H       1.700012      3.577732     -3.383652 
  C       2.454134      4.362059     -0.807799 
  H       2.285941      4.696848      0.233550 
  H       2.358153      5.251026     -1.459162 






















A2.2    Coordinates from ORCA for (CDI)FeCl (3.20) 
 
Coordinates from ORCA (CDI)FeCl (3.20) 
BS(3,0), BS(5,2) same soln. as BS(4,1) 
S = 0.57 
ZPE = -3188.159036542408 H 
   
  Fe     -0.472443      0.293739     -0.292053 
  Cl     -1.031211      0.803776     -2.400302 
  N       0.589848      1.006131      2.357966 
  N      -0.633597     -1.032746      2.330488 
  N       0.986461      1.910556      0.292083 
  N      -1.087470     -1.837895      0.225287 
  C      -0.236197      0.124568      1.679834 
  C       0.926695      0.837927      3.775193 
  H       1.069221      1.821277      4.245755 
  H       1.879596      0.281082      3.881901 
  C      -0.201112      0.084745      4.468537 
  H      -1.118397      0.700432      4.460410 
  H       0.071433     -0.102546      5.520921 
  C      -0.460853     -1.245905      3.774264 
  H       0.386134     -1.936321      3.958839 
  H      -1.363752     -1.713558      4.194417 
  C      -1.150519     -2.027263      1.513660 
  C      -1.745478     -3.242319      2.180549 
  H      -2.594156     -2.968442      2.834417 
  H      -1.002182     -3.769339      2.806042 
  H      -2.112524     -3.945880      1.421247 
  C      -1.582723     -2.812496     -0.698643 
  C      -2.879592     -2.658711     -1.254795 
  C      -3.302596     -3.575828     -2.227860 
  H      -4.299862     -3.468333     -2.664576 
  C      -2.485434     -4.622790     -2.651397 
  H      -2.835304     -5.322987     -3.417197 
  C      -1.221932     -4.773977     -2.082637 
  H      -0.584658     -5.603176     -2.407000 
  C      -0.747617     -3.887848     -1.103302 
  C      -3.850795     -1.578211     -0.781628 
  H      -3.288056     -0.872195     -0.148968 
  C      -4.962220     -2.202303      0.088353 
  H      -4.544497     -2.769862      0.940480 
  H      -5.579990     -2.904007     -0.503156 
  H      -5.632345     -1.420430      0.491945 
  C      -4.456197     -0.758862     -1.935231 
  H      -5.095399      0.047423     -1.529323 
  H      -5.090772     -1.380799     -2.593811 
  H      -3.664744     -0.292599     -2.545824 
  C       0.629728     -4.143837     -0.490025 
  H       0.834413     -3.341962      0.236744 
  C       0.662528     -5.485557      0.273874 
  H      -0.125402     -5.538235      1.045726 
  H       1.638741     -5.629269      0.774546 
  H       0.510593     -6.340588     -0.410230 
  C       1.758221     -4.098772     -1.536097 
  H       1.800527     -3.118207     -2.043111 
Coordinates from ORCA (CDI)FeCl (3.20) 
BS(1,0), BS(3,2) same soln. as BS(2,1) 
S = 0.64 
ZPE = -3188.156040840767 H 
 
 Fe     -0.021600     -0.011261     -0.086780 
  Cl     -0.049330     -0.001137     -2.360920 
  N       0.794433      0.912554      2.416019 
  N      -0.476170     -1.122331      2.435437 
  N       0.963940      1.748540      0.306455 
  N      -0.993635     -1.778482      0.317407 
  C       0.108186     -0.078824      1.731553 
  C       1.113081      0.789471      3.837417 
  H       1.253313      1.785932      4.280825 
  H       2.062877      0.232786      3.969762 
  C      -0.030781      0.053980      4.537284 
  H      -0.940676      0.679562      4.508090 
  H       0.233491     -0.109418      5.596009 
  C      -0.315185     -1.297893      3.880419 
  H       0.518022     -1.999339      4.087674 
  H      -1.228437     -1.736478      4.309456 
  C      -1.075418     -2.038435      1.600752 
  C      -1.781423     -3.214727      2.215767 
  H      -2.602856     -2.879218      2.876119 
  H      -1.095619     -3.829778      2.825810 
  H      -2.212583     -3.851251      1.431529 
  C      -1.515611     -2.693078     -0.657769 
  C      -2.743222     -2.384398     -1.291717 
  C      -3.192816     -3.227189     -2.317571 
  H      -4.136795     -2.999289     -2.821491 
  C      -2.461917     -4.347684     -2.710792 
  H      -2.825845     -4.988716     -3.520492 
  C      -1.267435     -4.650827     -2.059046 
  H      -0.701646     -5.537168     -2.364695 
  C      -0.771383     -3.843652     -1.023934 
  C      -3.602193     -1.197129     -0.860265 
  H      -3.012505     -0.600532     -0.145368 
  C      -4.872999     -1.679593     -0.126374 
  H      -4.624702     -2.323138      0.738143 
  H      -5.521549     -2.271136     -0.799632 
  H      -5.466076     -0.822753      0.244784 
  C      -3.958071     -0.261971     -2.029303 
  H      -4.518975      0.614549     -1.653632 
  H      -4.595823     -0.765530     -2.779346 
  H      -3.044523      0.095914     -2.534189 
  C       0.531171     -4.255112     -0.333871 
  H       0.760641     -3.507963      0.442504 
  C       0.390867     -5.624883      0.366766 
  H      -0.446320     -5.637787      1.086885 
  H       1.316187     -5.880345      0.917770 
  H       0.206826     -6.433846     -0.363127 
  C       1.729896     -4.267006     -1.300452 
  H       1.878002     -3.276600     -1.765741 
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  H       1.622139     -4.871828     -2.313931 
  H       2.736353     -4.282925     -1.051371 
  C       1.180024      1.988271      1.575818 
  C       2.010412      3.042227      2.261169 
  H       2.440845      3.720720      1.511382 
  H       2.842431      2.592759      2.833293 
  H       1.407861      3.646259      2.964345 
  C       1.493678      2.881427     -0.623386 
  C       2.692355      2.586501     -1.321552 
  C       3.123845      3.474934     -2.316751 
  H       4.044838      3.256955     -2.866258 
  C       2.401482      4.628325     -2.622421 
  H       2.747662      5.305938     -3.409722 
  C       1.236999      4.916090     -1.911193 
  H       0.676388      5.825838     -2.150090 
  C       0.760792      4.063730     -0.903623 
  C       3.526580      1.346986     -1.000807 
  H       2.977378      0.764085     -0.244242 
  C       3.701441      0.426856     -2.222537 
  H       4.253595     -0.488050     -1.935830 
  H       4.271863      0.921181     -3.030187 
  H       2.722784      0.124931     -2.636106 
  C       4.891306      1.731612     -0.386853 
  H       4.766837      2.373661      0.504893 
  H       5.515247      2.291361     -1.108691 
  H       5.457368      0.831616     -0.081096 
  C      -0.508987      4.452594     -0.144819 
  H      -0.750394      3.637050      0.555732 
  C      -0.287975      5.730497      0.693436 
  H      -1.197584      5.985235      1.270200 
  H      -0.049009      6.596650      0.049587 
  C      -1.725761      4.614041     -1.074997 
  H      -2.629331      4.855902     -0.483293 
  H      -1.915470      3.687066     -1.643605 
  H      -1.577146      5.434512     -1.800455 
  H       0.545044      5.610625      1.408897 
  H       1.587371     -5.002040     -2.113024 
  H       2.654840     -4.544370     -0.758761 
  C       1.265464      1.894535      1.575568 
  C       2.064111      3.022637      2.168699 
  H       2.418681      3.696443      1.377172 
  H       2.942828      2.639871      2.719401 
  H       1.456805      3.615187      2.877629 
  C       1.359266      2.740906     -0.655583 
  C       2.567696      2.559695     -1.371863 
  C       2.913282      3.511592     -2.342591 
  H       3.845601      3.391236     -2.901720 
  C       2.092087      4.605809     -2.613542 
  H       2.378512      5.334262     -3.379266 
  C       0.905292      4.767464     -1.899598 
  H       0.262998      5.627708     -2.115282 
  C       0.515167      3.849965     -0.911803 
  C       3.509092      1.386747     -1.099906 
  H       3.003286      0.710610     -0.391693 
  C       3.796699      0.560826     -2.366993 
  H       4.416995     -0.318969     -2.112080 
  H       4.350850      1.149315     -3.121571 
  H       2.856069      0.205935     -2.820913 
  C       4.819994      1.861753     -0.435650 
  H       4.625787      2.438838      0.487558 
  H       5.399933      2.515402     -1.113918 
  H       5.462204      1.001365     -0.169993 
  C      -0.782844      4.098192     -0.142998 
  H      -0.925394      3.262086      0.560439 
  C      -0.709022      5.397606      0.687079 
  H      -1.628557      5.532850      1.287743 
  H      -0.605867      6.285903      0.036922 
  C      -2.014784      4.120374     -1.067428 
  H      -2.934467      4.291142     -0.475778 
  H      -2.121210      3.166849     -1.614474 
  H      -1.946774      4.931572     -1.815462 





















A2.3    Coordinates from ORCA for (CDI)Fe(CO)2 (3.21) 
 
Coordinates from ORCA (CDI)Fe(CO)2 
(3.21) 
BS(2,2), BS(1,1) same soln. as BS(0,0) 
ZPE = -2954.616694093831 H 
   
  Fe      0.012375     -0.021531      0.007526 
  O      -2.261317      1.179243     -1.342521 
  O      -1.042404     -2.688007      0.815275 
  N       1.976736      1.446990     -1.307408 
  N       1.290402      2.318681      0.806724 
  N       1.127887     -0.629512     -1.570816 
  N      -0.069184      0.839874      1.844621 
  C       1.200960      1.350657     -0.170948 
  C       2.913805      2.548047     -1.530957 
  H       2.987806      2.760258     -2.608521 
  H       3.924503      2.264393     -1.174880 
  C       2.420473      3.788278     -0.786345 
  H       3.171991      4.590907     -0.876127 
  H       1.489367      4.150678     -1.255694 
  C       2.166643      3.486883      0.691665 
  H       3.127559      3.300376      1.212619 
  H       1.687787      4.352351      1.175858 
  C       1.920036      0.301597     -2.063891 
  C       2.698607      0.225392     -3.346847 
  H       2.633933     -0.785332     -3.774015 
  H       3.766860      0.469904     -3.207136 
  H       2.291754      0.932751     -4.096022 
  C       1.206258     -1.959286     -2.108494 
  C       0.283487     -2.412880     -3.081412 
  C       0.420876     -3.723120     -3.569323 
  H      -0.278747     -4.088259     -4.328440 
  C       1.431621     -4.566970     -3.111729 
  H       1.525998     -5.581688     -3.511585 
  C       2.322047     -4.112103     -2.138603 
  H       3.106833     -4.784150     -1.777397 
  C       2.231801     -2.813372     -1.617879 
  C      -0.830937     -1.521206     -3.622819 
  H      -0.818827     -0.590724     -3.038016 
  C      -0.601322     -1.137929     -5.098442 
  H       0.378530     -0.648332     -5.245595 
  H      -1.383178     -0.435937     -5.441913 
  H      -0.635636     -2.025201     -5.757629 
  C      -2.222762     -2.155920     -3.437711 
  H      -2.405029     -2.423956     -2.382079 
  H      -2.339810     -3.072791     -4.044324 
  H      -3.010032     -1.446428     -3.751122 
  C       3.238548     -2.352275     -0.560950 
  H       2.856168     -1.410657     -0.135965 
  C       4.627365     -2.069878     -1.175303 
  H       4.573150     -1.338026     -1.998595 
  H       5.078029     -2.992532     -1.587720 
  H       5.319322     -1.670132     -0.410186 
  C       3.358376     -3.346275      0.609601 
Coordinates from ORCA (CDI)Fe(CO)2 
(3.21) 
BS(3,1) same soln. as BS(2,0) 
ZPE = -2954.585029159827 H 
 
  Fe     -0.237602     -0.164612      0.077462 
  O      -2.095531      1.376923     -1.594500 
  O      -1.965524     -2.565158      0.420481 
  N       1.741357      1.402415     -1.333948 
  N       1.155494      2.219111      0.807380 
  N       1.182900     -0.784130     -1.761712 
  N      -0.177868      0.850313      2.069016 
  C       1.072985      1.224962     -0.141346 
  C       2.363393      2.669513     -1.741678 
  H       2.149196      2.854354     -2.806933 
  H       3.463650      2.613108     -1.626867 
  C       1.811251      3.815964     -0.902927 
  H       2.396499      4.728544     -1.104785 
  H       0.763138      4.017988     -1.184820 
  C       1.881022      3.474546      0.580954 
  H       2.936810      3.381287      0.906027 
  H       1.418076      4.277018      1.173370 
  C       1.867642      0.243787     -2.117775 
  C       2.817098      0.306308     -3.287205 
  H       2.927719     -0.691206     -3.735055 
  H       3.816706      0.668870     -2.989379 
  H       2.435402      0.986971     -4.070158 
  C       1.395802     -2.074738     -2.311910 
  C       0.549291     -2.569325     -3.336341 
  C       0.763660     -3.875953     -3.801074 
  H       0.124425     -4.272102     -4.597253 
  C       1.772209     -4.681748     -3.271546 
  H       1.927115     -5.695413     -3.654851 
  C       2.579777     -4.189412     -2.245664 
  H       3.359909     -4.832024     -1.824733 
  C       2.410666     -2.891355     -1.744013 
  C      -0.559647     -1.714016     -3.947001 
  H      -0.642322     -0.799783     -3.338052 
  C      -0.214422     -1.282692     -5.387801 
  H       0.749817     -0.744580     -5.432254 
  H      -0.995331     -0.612697     -5.793671 
  H      -0.139154     -2.156596     -6.061481 
  C      -1.934735     -2.408056     -3.905816 
  H      -2.202501     -2.713767     -2.878990 
  H      -1.961752     -3.309608     -4.545091 
  H      -2.718485     -1.719660     -4.272748 
  C       3.313499     -2.382467     -0.618682 
  H       2.885740     -1.434899     -0.254487 
  C       4.743772     -2.089254     -1.122312 
  H       4.743211     -1.377473     -1.965623 
  H       5.238976     -3.012742     -1.476998 
  H       5.366173     -1.660428     -0.314096 
  C       3.343301     -3.335475      0.589852 
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  H       2.369914     -3.576287      1.041997 
  H       3.989491     -2.919819      1.411575 
  H       3.824521     -4.300339      0.301250 
  C       0.583894      1.981591      1.934651 
  C       0.643413      2.896211      3.124509 
  H       0.166348      3.871824      2.911797 
  H       1.687430      3.101114      3.424625 
  H       0.123336      2.447876      3.981629 
  C      -0.842984      0.390276      2.971715 
  C      -2.134314      0.927523      3.209669 
  C      -2.847223      0.477435      4.332204 
  H      -3.841625      0.887969      4.533920 
  C      -2.320561     -0.482785      5.193032 
  H      -2.894591     -0.821910      6.061330 
  C      -1.062827     -1.024144      4.929516 
  H      -0.664826     -1.789995      5.600796 
  C      -0.304065     -0.611935      3.823653 
  C      -2.789632      1.953175      2.283817 
  H      -2.068669      2.200977      1.490292 
  C      -4.034468      1.362296      1.590500 
  H      -3.782098      0.441580      1.038063 
  H      -4.454764      2.084053      0.866196 
  H      -4.823281      1.113829      2.323679 
  C      -3.146325      3.265764      3.012081 
  H      -2.264580      3.714659      3.504038 
  H      -3.912924      3.105333      3.791613 
  H      -3.552935      4.005448      2.297720 
  C       1.069616     -1.236666      3.574165 
  H       1.278414     -1.129043      2.497435 
  C       2.191250     -0.494830      4.325771 
  H       2.226977      0.574694      4.052781 
  H       3.174926     -0.938384      4.079606 
  H       2.053972     -0.560371      5.422364 
  C       1.111938     -2.739553      3.902390 
  H       0.292287     -3.284393      3.403300 
  H       1.042875     -2.937415      4.988223 
  H       2.066580     -3.175458      3.556961 
  C      -1.402998      0.641641     -0.783604 
  C      -0.621394     -1.665693      0.500981 
  H       2.323406     -3.546669      0.956049 
  H       3.917926     -2.885158      1.421189 
  H       3.820310     -4.302724      0.345947 
  C       0.560881      1.913456      2.032553 
  C       0.841242      2.830163      3.195186 
  H       0.283789      3.781045      3.107542 
  H       1.914124      3.079151      3.272266 
  H       0.524374      2.350836      4.131831 
  C      -0.880602      0.483163      3.251444 
  C      -2.072991      1.171590      3.602846 
  C      -2.757919      0.765185      4.757953 
  H      -3.678236      1.283581      5.044660 
  C      -2.301230     -0.293222      5.541655 
  H      -2.853252     -0.595369      6.437358 
  C      -1.147688     -0.981666      5.163808 
  H      -0.809209     -1.823301      5.773582 
  C      -0.421589     -0.622082      4.019673 
  C      -2.674246      2.276977      2.730276 
  H      -1.925826      2.566797      1.977338 
  C      -3.895656      1.746272      1.950064 
  H      -3.617699      0.882192      1.322840 
  H      -4.306553      2.529565      1.285488 
  H      -4.698351      1.424148      2.638229 
  C      -3.038275      3.548966      3.521080 
  H      -2.172354      3.945537      4.082981 
  H      -3.848216      3.366040      4.249467 
  H      -3.392065      4.340176      2.834389 
  C       0.828631     -1.404147      3.613669 
  H       0.880947     -1.354575      2.511204 
  C       2.128230     -0.773769      4.155361 
  H       2.234296      0.281866      3.849592 
  H       3.008760     -1.324278      3.773556 
  H       2.154601     -0.813228      5.260800 
  C       0.778777     -2.892174      4.001612 
  H      -0.164941     -3.367738      3.680644 
  H       0.886065     -3.044360      5.092207 
  H       1.610611     -3.434429      3.518079 
  C      -1.396344      0.734787     -0.929807 


















A2.4    Coordinates from ORCA for [(CDI)FeCl2](BF4) (3.22) 
 
Coord. from ORCA [(CDI)Fe(Cl)2][BF4] 
(3.22) 
BS(5,0) 
ZPE = -3647.863481162823 H 
   
Fe      0.084974      0.025918     -0.246556 
  Cl     -1.204901     -1.769138     -0.327716 
  Cl      0.925052      0.838214     -2.095624 
  N       0.758051     -0.687640      2.548274 
  N      -0.983380      0.848774      2.411329 
  N       1.927040     -0.978538      0.577311 
  N      -1.441955      1.620110      0.277586 
  C       0.003984      0.158791      1.852878 
  C       0.494202     -1.013684      3.970085 
  H       1.162629     -0.415088      4.613049 
  H       0.716930     -2.075645      4.140897 
  C      -0.971330     -0.724040      4.275822 
  H      -1.153677     -0.841235      5.356421 
  H      -1.612827     -1.452483      3.750613 
  C      -1.346618      0.690039      3.840454 
  H      -2.425654      0.851474      3.959506 
  H      -0.818459      1.451746      4.439556 
  C      -1.697996      1.724382      1.525177 
  C      -2.660253      2.679356      2.163316 
  H      -3.014295      3.408922      1.422534 
  H      -2.177486      3.215534      2.999507 
  H      -3.542153      2.147726      2.563284 
  C      -2.141947      2.410028     -0.711373 
  C      -3.407142      1.959624     -1.166326 
  C      -4.038874      2.710705     -2.169511 
  H      -5.013091      2.385231     -2.543116 
  C      -3.451215      3.856010     -2.701766 
  H      -3.964184      4.424018     -3.483706 
  C      -2.210611      4.281976     -2.228446 
  H      -1.763581      5.187763     -2.644662 
  C      -1.521200      3.572323     -1.235209 
  C      -4.119277      0.718748     -0.622609 
  H      -3.469485      0.239243      0.126105 
  C      -5.446646      1.089356      0.078430 
  H      -5.296519      1.830005      0.884599 
  H      -5.918404      0.192470      0.520495 
  H      -6.170413      1.527006     -0.632094 
  C      -4.358570     -0.332064     -1.723999 
  H      -3.416407     -0.616755     -2.222550 
  H      -5.055894      0.040134     -2.495252 
  H      -4.800003     -1.245382     -1.286079 
  C      -0.185742      4.114111     -0.722726 
  H       0.314817      3.309393     -0.156959 
  C      -0.408292      5.300645      0.240159 
  H      -1.043369      5.025304      1.100997 
  H      -0.905976      6.138087     -0.281190 
  H       0.554311      5.676332      0.633421 
  C       0.769767      4.525123     -1.857435 
Coord. from ORCA [(CDI)Fe(Cl)2][BF4] 
(3.22) 
BS(4,1) same soln. as BS(3,0) 
ZPE = -3647.856704256630H 
 
  Fe      0.050143      0.061154     -0.030500 
  Cl     -1.313583     -1.794116      0.265453 
  Cl      0.388919      0.391815     -2.156461 
  N       0.727259     -0.769580      2.562462 
  N      -1.079326      0.718633      2.464342 
  N       1.850341     -0.820897      0.583175 
  N      -1.336088      1.593396      0.379918 
  C      -0.121122     -0.000067      1.864739 
  C       0.489514     -1.113444      3.983122 
  H       1.141772     -0.495971      4.625036 
  H       0.752302     -2.169706      4.136766 
  C      -0.984297     -0.880202      4.300484 
  H      -1.157119     -1.024214      5.379154 
  H      -1.600984     -1.616805      3.758497 
  C      -1.407516      0.529751      3.895466 
  H      -2.490270      0.658861      4.028114 
  H      -0.891959      1.298921      4.496298 
  C      -1.741774      1.609797      1.604313 
  C      -2.795207      2.495952      2.188264 
  H      -3.122632      3.236253      1.445898 
  H      -2.402199      3.024973      3.075273 
  H      -3.677104      1.909639      2.503263 
  C      -1.981392      2.382871     -0.643223 
  C      -3.223305      1.948769     -1.170207 
  C      -3.773063      2.700151     -2.219928 
  H      -4.722806      2.384290     -2.659086 
  C      -3.135464      3.835171     -2.717479 
  H      -3.586820      4.402919     -3.536706 
  C      -1.925565      4.252388     -2.162464 
  H      -1.442838      5.153502     -2.548833 
  C      -1.314736      3.534928     -1.125886 
  C      -3.984748      0.721867     -0.667374 
  H      -3.422086      0.269227      0.162951 
  C      -5.382831      1.105221     -0.129602 
  H      -5.327737      1.890056      0.646969 
  H      -5.884821      0.223499      0.309231 
  H      -6.036990      1.491840     -0.931653 
  C      -4.080280     -0.367839     -1.752637 
  H      -3.081215     -0.648412     -2.126918 
  H      -4.688286     -0.032044     -2.611626 
  H      -4.551747     -1.275940     -1.336854 
  C      -0.012168      4.052771     -0.519917 
  H       0.410026      3.256985      0.119635 
  C      -0.282672      5.274733      0.384382 
  H      -0.997086      5.036110      1.192776 
  H      -0.713068      6.108671     -0.198905 
  H       0.651976      5.638822      0.849971 
  C       1.045777      4.382590     -1.586346 
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  H       0.939666      3.694638     -2.561786 
  H       1.746356      4.825283     -1.436983 
  H       0.384282      5.388916     -2.427521 
  C       1.861031     -1.251690      1.822971 
  C       2.823847     -2.094734      2.602430 
  H       2.364835     -3.074666      2.832780 
  H       3.108643     -1.621643      3.556333 
  H       3.728483     -2.278258      2.006188 
  C       3.098372     -1.265313     -0.215630 
  C       4.037279     -0.208585     -0.344986 
  C       5.179393     -0.447200     -1.118991 
  H       5.924382      0.342579     -1.244720 
  C       5.377491     -1.678399     -1.749692 
  H       6.277622     -1.849752     -2.347806 
  C       4.421452     -2.684006     -1.632542 
  H       4.582841     -3.632908     -2.151029 
  C       3.252677     -2.505840     -0.872281 
  C       3.808068      1.141956      0.339276 
  H       2.714222      1.278468      0.415171 
  C       4.331236      2.343597     -0.464203 
  H       3.949470      2.329088     -1.498903 
  H       5.434740      2.374325     -0.499635 
  H       3.994131      3.283846      0.009857 
  C       4.377478      1.169843      1.772687 
  H       4.160004      2.139744      2.258884 
  H       5.474361      1.032926      1.765792 
  H       3.954866      0.374572      2.410652 
  C       2.201182     -3.615152     -0.830405 
  H       1.415072     -3.316741     -0.117611 
  C       1.516048     -3.782115     -2.204319 
  H       1.099992     -2.827146     -2.568213 
  H       0.685829     -4.507445     -2.132738 
  H       2.228752     -4.156786     -2.960896 
  C       2.775615     -4.963938     -0.351664 
  H       3.257449     -4.885167      0.640772 
  H       3.530913     -5.358701     -1.054245 
  H       1.969513     -5.716305     -0.283061 
  H       1.263121      3.505020     -2.219725 
  H       1.984056      4.703900     -1.100962 
  H       0.723134      5.207376     -2.245435 
  C       1.829791     -1.210807      1.813525 
  C       2.858759     -2.042586      2.510366 
  H       2.463455     -3.058904      2.696159 
  H       3.133555     -1.601771      3.483422 
  H       3.760072     -2.135326      1.889614 
  C       2.965620     -1.113021     -0.284726 
  C       3.863453     -0.046316     -0.550152 
  C       4.967069     -0.316422     -1.368469 
  H       5.679740      0.477718     -1.600176 
  C       5.172274     -1.591292     -1.902775 
  H       6.044994     -1.787137     -2.533205 
  C       4.257017     -2.610026     -1.650534 
  H       4.420720     -3.593135     -2.099531 
  C       3.122963     -2.400471     -0.848094 
  C       3.638023      1.338270      0.058731 
  H       2.543697      1.499701      0.084854 
  C       4.224572      2.490655     -0.768333 
  H       3.867781      2.461834     -1.811912 
  H       5.328963      2.477607     -0.776537 
  H       3.914567      3.455880     -0.330116 
  C       4.156198      1.418361      1.511103 
  H       3.903525      2.397011      1.961159 
  H       5.255369      1.304699      1.542547 
  H       3.727593      0.634180      2.158625 
  C       2.103966     -3.526926     -0.679137 
  H       1.353344     -3.212124      0.062723 
  C       1.335175     -3.768530     -1.996614 
  H       0.862850     -2.841353     -2.362113 
  H       0.538143     -4.516340     -1.838331 
  H       2.008163     -4.149875     -2.785877 
  C       2.739184     -4.838297     -0.174009 
  H       3.303390     -4.697491      0.766562 
  H       3.437312     -5.267692     -0.914573 
  H       1.954791     -5.593436      0.009429 
 
 
